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EDITORIAL 


The science-policy interface 


ow do we ensure the effective role of science 
in public policy-making? This well-worn, long- 
standing question reflects the fact that the an- 
swer is not simple. Later this month in Brus- 
sels, scientists and policy-makers will convene 
at the International Network for Government 
Science Advice (INGSA) Forum to consider the 
most promising ways forward. 


pedia can become a policy analyst’s best friend. And with 
the new lure of big data promising policy-relevant revela- 
tions, the need to ensure that policy-makers avoid analyti- 
cal pitfalls is pressing. 

Providing scientific advice to government takes place 
within an ecosystem. It is a combination of actors who 
are both internal and external to government, with advice 
that is formal and informal. All of this comes in many 


Scientists are often perplexed by the apparent failure | guises and is conditioned by context. For instance, there os ie te 
of their evidence to affect policy. Despite years of accu- | will be different mechanisms for regulatory advice, pro- Chief Science 
mulated evidence for an- gram development, and cab- . 
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are incremental at best. But 
policy-makers, too, are vexed 
by scientists’ ability to iden- 
tify problems, yet frequent 
inability to place their work 
in the context of timely and 
feasible policy solutions. 
Often forgotten is that 


policymaking is messy. Ar, the place of scientific evidence 
in policy-making is neither 
straightforward nor guaranteed...” 


though a tidy, analytically 
driven cycle of policy-making 
might seem logical to scien- 
tists trained in the tradition 
of hypothesis generation 
and testing, policy-making is instead a networked pro- 
cess in which scientific evidence is only one of many in- 
puts. The notion of “evidence” comes in multiple forms. 
Public opinion polls and anecdotes are often considered 
“evidence” for a certain course of action. Policy decisions 
involve balancing empirical data with other arguments. 
The place of science is distinguished from other policy 
inputs by its relative objectivity obtained through formal 
processes designed to limit bias in data collection and 
analysis. Much scientific and societal debate emerges 
because of different views on evaluating the sufficiency 
of evidence on which to draw conclusions. Moreover, the 
issues for which scientific input is most needed by policy- 
makers are the very ones for which the science is often 
the most complex, multidisciplinary, and incomplete. In 
the absence of easily digestible scientific evidence, Wiki- 


more slow-burning policy 
questions, internal advisors 
can ensure the integrity of 
science while those from 
outside government—such 
as academies—are a criti- 
cal source of analysis and 
commentary. 

But does such an eco- 
system not risk becom- 
ing a cacophony’ of 
complicated claims for the 
policy-maker? One way for- 
ward is to establish princi- 
ples that underpin effective science advisory mechanisms 
across all these dimensions and to build capacity on 
both the supply and demand sides of advisory processes. 
INGSA is dedicated to doing exactly this. The network 
brings together advisers, policy-makers, and _ scholars 
from more than 70 countries, with the goal of improv- 
ing knowledge and practice at the interface of science 
and public policy. With the science-intensive United Na- 
tions Sustainable Development Goals, climate change, 
and other global challenges now part of many countries’ 
policy discourse, the INGSA Forum will facilitate much- 
needed dialogue. Although the place of scientific evi- 
dence in policy-making is neither straightforward nor 
guaranteed, our commitment to it has never been more 
important. 

-Peter Gluckman 
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German physicist Christiane Heinicke, one of six people who lived for a year ina 


solar-powered dome in Hawaii, simulating close living quarters on Mars. Heinicke's 


advice to future participants: Bring something “meaningful” to work on. 


A deadly earthquake last week devastated the town of 


ta Z 
Pes 4°. 3 iy ae 


Amatrice, Italy, and surrounding villages, toppling centuries-old buildings. 


Italy’s scientists wrestle with earthquake risk 


magnitude-6.0 earthquake killed at least 290 peo- 
ple in a mountainous area about 100 kilometers 
northeast of Rome on 24 August—and there’s a 
nonnegligible risk that it will be followed by a ma- 
jor aftershock, a panel of experts has concluded. 
Several historical earthquakes in central Italy pro- 
duced powerful aftershocks, Italy’s National Commission 
for the Forecast and Prevention of Major Risks (CGR) 
said in a press release issued 26 August by the country’s 
Civil Protection Department (DPC). The panel noted ex- 
amples of similar repeat quakes in 1639 and 1703. The 


group weighed its words carefully, cognizant of the con- 
troversy that followed a 2009 earthquake in L'Aquila, 
40 kilometers to the south. Italian prosecutors charged 
six scientists—some of them CGR members—and a 
DPC official with falsely assuring residents of L’Aquila 
that their city was unlikely to be hit days before the 
earthquake struck and killed 309 people. The six were 
later acquitted, but the official was convicted (Science, 
6 November 2015, p. 612). The affair has made 
scientists gun-shy about communicating seismic risks. 
http://scim.ag/ItalyEQrisk 


HE WORLD decision is a reversal of a 2004 ruling, in 


Grad students can unionize 
WASHINGTON, D.c. | In the culmination 

of a decadelong battle, the U.S. National 
Labor Relations Board (NLRB) ruled 

23 August that graduate students at private 
universities are employees and have the 
right to collective bargaining. NLRB’s 
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which the board found that graduate 
student teaching assistants and research 
assistants at Brown University were “pri- 
marily students, and not workers,” and that 
teaching and conducting research is part of 
their education. Two years ago, a group of 
graduate students at Columbia University 
began the debate anew, filing a petition 
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with the board to join the United Auto 
Workers. Before the ruling, several private 
institutions, including Stanford University, 
the Massachusetts Institute of Technology, 
and the Ivy League, submitted a brief 
arguing that defining the student-faculty 
relationship as an employee-employer 
relationship would interfere with graduate 
training and academic freedom. Although 
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labor issues at private institutions are gov- 
erned by NLRB, graduate student unions 
have existed at public universities, which 
are governed by state laws. 


Rapid glacier fall a deadly mystery 


TIBET AUTONOMOUS REGION, IN 

CHINA | On the night of 17 July, a 5.7- 
kilometer-long section of Dongru Glacier 
in western Tibet suddenly collapsed, 
sweeping down a mountain and killing 
nine people living below in their summer 
pasture near Aruco Lake. In all, about 

70 million cubic meters of ice fell, accord- 
ing to glaciologists at the Chinese Academy 
of Sciences in Beijing and The Ohio State 
University, Columbus. The scientists don’t 
yet know what triggered the sudden col- 
lapse: Although glaciers are known to be 
retreating at a rapid rate on the south- 
eastern side of the Tibetan Plateau, those 
in western Tibet have tended to be stable, 
or even advancing. However, the region has 
experienced rapid warming in recent years; 
increased precipitation in 2016 combined 
with warming ice could have led to the 
glacier’s instability, the scientists say— 
suggesting that other glaciers in the region 
may present a looming geo-hazard. 


California boosts climate bill 


SACRAMENTO | California’s legislature is 
keeping the Golden State at the forefront 
of government efforts to rein in climate 
change. On 25 August, it sent a bill to 
Governor Jerry Brown requiring that by 
2030, statewide greenhouse gas emissions 
must be 40% below 1990 levels. The new 
measure, which Brown says he will sign, 
goes beyond the current goal of returning 
emissions to 1990 levels by 2020; the state 
is on track for that target. The bill puts 
the state, which by one measure has the 
world’s sixth largest economy, on par with 
European climate change efforts. The leg- 
islature didn’t tackle California’s troubled 
cap-and-trade program, however, which 
puts a price on carbon pollution and is a 
key part of the state’s climate policy. The 
system expires in 2020, faces a legal chal- 
lenge, and has experienced a major drop in 
demand for tradeable pollution permits. 


Resistant gonorrhea on the rise 


GENEVA, SWITZERLAND | In asign that 
antibiotic-resistant strains of gonorrhea 
have become a global problem, the World 
Health Organization (WHO) issued new 
guidelines on 30 August for treating the 
sexually transmitted disease, which infects 
an estimated 78 million people per year. 
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About half the world’s Hawaiian monk seals live along the northwestern Hawaiian islands. 


New protections for U.S. lands and waters 


awaii’s Papahanaumokuakea Marine National Monument is now the largest pro- 

tected area on the planet, thanks to an order signed 26 August by U.S. President 

Barack Obama. The park, one of the most biologically diverse places in the world, 

more than quadruples the size of the existing monument, to 1.5 million square kilo- 

meters. (That's twice the size of Texas.) Resources can still be removed for Hawaiian 
traditions or scientific research with a permit, but commercial resource extraction— 
including most fishing—is now prohibited. Hawaiian state officials say Obama’s move will 
preserve a cultural seascape and provide critical protection for more than 7000 marine 
species. Across the country, last week Maine’s Mount Katahdin became the centerpiece 
of anew 35,000-hectare national park site, days after the 100th anniversary of the cre- 


ation of the National Park Service. 


Existing guidelines, isssued in 2003, recom- 
mended quinolones, a class of antibiotics 
derived from natural sources such as plants 
and bacteria, as the first-line treatment, 

but quinolones have become all but use- 

less against Neisseria gonorrhoeae, the 
bacterium that causes gonorrhea. The new 
guidelines, already in use in most Western 
countries, recommend starting with cephalo- 
sporins, which are derived from the mold 
Cephalosporium. Many countries have 
reported strains resistant to cephalosporins 
as well; when these drugs fail, all that doc- 
tors have left are older antibiotics that have 
been studied less and to which resistance 
evolves very quickly, says Teodora Wi of 
WHO’s Department of Reproductive Health 
and Research in Geneva, Switzerland. “We 
will be running out of alternatives soon,’ Wi 
says. WHO also updated guidelines for treat- 
ment of syphilis and chlamydia, two diseases 
for which resistance is less of a problem. 


NEWSMAKERS 


New child health chief 


Prenatal geneticist Diana Bianchi will 
become director of the Eunice Kennedy 
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Shriver National Institute of Child Health 
and Human Development (NICHD) in 
Bethesda, Maryland, on 31 October. Now 
at Tufts University School of Medicine in 
Boston, Bianchi, 61, has studied ways to 
isolate and analyze fetal cells or DNA in 

a mother’s blood to detect fetal disorders, 
in the process discovering that fetal 

cells can remain in the mother’s blood 

for decades after pregnancy. She is also 
exploring drugs that could be given in the 
womb to prevent abnormal brain develop- 
ment due to Down syndrome. Bianchi’s 
multidisciplinary background should serve 
her well as head of the $1.3 billion NICHD, 
which funds research ranging from basic 
developmental biology to adolescent 
health. She says her priorities will include 
funding more high-quality grants, innova- 
tion, supporting young clinician-scientists, 
and involving patients and families in 
study design. She expects to bring her lab 
with her and to commute from Boston, 
where her family will remain. “I have 
advocated for the crucial importance of 
research to improve the health of mothers 
and babies and people with disabilities,” 
she says. “So to be able to do this on a 
national level is incredibly special.” 
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China’s planned Mars rover 
doesn't yet have a name. 


—_ 


China unveils new Mars rover 


hina gave the first glimpse of its planned solar-powered Mars rover, intended to head 
to the Red Planet in 2020. Last week, the Chinese State Administration of Science, 
Technology, and Industry for National Defense released computer-generated 
images of the six-wheeled rover, which will weigh about 200 kilograms and will be 
powered by four solar panels. It incorporates technology already tested on the Jade 
Rabbit rover, which landed on the moon in 2013 and ended its mission in early August. 
The new rover will explore the Mars surface for 3 months, studying its soil, atmosphere, 
and physical fields, and hunting for water and ice. It doesn't yet have a name—China has 
launched a public competition to determine both its name and a logo for the mission. 


Jailed physicist ‘spy’ paroled 
Iran-born laser physicist Omid Kokabee, 
who was convicted of espionage by an 
Iranian court 4 years ago, won parole on 
29 August. Kokabee, 34, was arrested at 
Tehran Imam Khomeini International 
Airport at the end of a family visit on 

30 January 2011 while attempting to return 
to his Ph.D. studies at the University of 
Texas, Austin. Prosecutors charged him 
with “communicating with a hostile 
government” and labeled his graduate 
stipend “illegal earnings.” In May 2012, 

he was sentenced to 10 years in prison. 

In letters to friends, Kokabee claimed he 
had turned down several offers to work in 
Iranian military and intelligence organi- 
zations. Amnesty International in 2013 
declared him a prisoner of conscience, and 
the American Physical Society and AAAS 
(publisher of Science), among others, gave 
him scientific freedom awards. Kokabee 
continued his research in prison, uploading 
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a paper on ultrafast ytterbium lasers 

to arXiv.org in 2014 in which he listed his 
affiliation as Evin Prison in Tehran. In 
April, he was diagnosed with advanced 
kidney cancer and his right kidney was 
removed, and he left prison on medical 
furlough in May. Sources told Nature that 
now that parole has been granted, Kokabee 
is free to leave Iran. 


FINDINGS 
New hope for genetic medicines 


Psoriasis sufferers may have new hope: 
The first-ever clinical trial in humans 

of drugs called spherical nucleic acids 
(SNAs) hints that they may be effective 
in fighting the debilitating skin disease. 
The trial’s findings may also reinvigorate 
a downtrodden therapy called antisense 
RNA, designed to prevent the produc- 
tion of disease-related proteins. Strands 
of RNA convey genetic information from 
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BY THE NUMBERS 


Fraction of genetics papers in top 
scientific journals that contain errors in 
gene names due to autoformatting in 
Microsoft Excel. For example: Septin-2, 
often called SEPT2, is “corrected” to the 
date 2 September (Genome Biology). 


Fraction of 3000 Australian teenagers 
who became pregnant by age 20 
after enrolling in a pregnancy prevention 
program in which they cared for a 
lifelike baby doll. Only 11% of a control 
group of peers became pregnant by 
age 20 (The Lancet). 


Portion of tenured research scientists 
at the U.S. National Institutes of 
Health who are women, according to 
a gender bias complaint. The rate is the 
same at medical schools. 


DNA to protein factories called ribosomes. 
Antisense RNA therapies can bind to 
certain messenger RNA strands related 

to the disease, preventing them from 
being read by ribosomes. But RNA snip- 
pets tend to get chopped up by enzymes 
before they reach their target. However, 
SNAs, which can have 100 RNA snip- 

pets attached to a central particle, can 
withstand the enzymes. Earlier this year, 
Skokie, Illinois-based Exicure launched 
an SNA trial in Germany that targeted 

a protein called tumor necrosis factor-a 
(TNF-a), which is overexpressed in pso- 
riasis patients. At the American Chemical 
Society meeting last week in Philadelphia, 
Pennsylvania, SNA pioneer Chad Mirkin 
of Northwestern University, Evanston, in 
Illinois, said that the initial trial results 
suggest the therapy is safe and can knock 
down TNF-a. If other proteins can be 
targeted by changing the RNA code on the 
SNA particles, it could open a new path- 
way for antisense RNA therapies. 
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OSIRIS-REx will gather dust 
from Bennu in a 3- to 5-second 
“touch and go” encounter. 


NASA to launch asteroid-sampling mission 


OSIRIS-REx plans to return more than 60 grams of dust from carbon-rich Bennu 


By Paul Voosen 


welve years ago, Dante Lauretta, a 

budding meteorite scientist at the 

University of Arizona in Tucson, was 

close to a breakthrough. His team was 

examining carbon-rich meteorites and 

had detected whiffs of triphosphate— 
the “TP” in adenosine triphosphate, or ATP, 
the molecule that powers life. But they 
couldn’t nail it because of terrestrial con- 
tamination. One sample, for instance, came 
from a meteorite that had crashed into an 
Australian manure ditch. Lauretta needed 
something pristine. 

Soon after, his mentor, Michael Drake, 
called. Lockheed Martin wanted to build a 
spacecraft for NASA that would go to an as- 
teroid and return a fresh sample to Earth, he 
said. Could Lauretta craft a science case for 
it? Could he ever. “I’d been doing that for the 
past year,” he recalls. 

On 8 September, Lauretta will be 
a space flight away from getting his 
wish, with the launch of the $1 billion 
Origins-Spectral Interpretation-Resource 
Identification-Security-Regolith Explorer 
(OSIRIS-REx). Although it won’t be the first 
spacecraft to bring asteroid dust back to 
Earth—Japan’s Hayabusa 1 returned several 
thousand grains of dust in 2010—the scoop 
of grit it delivers in 2023 could reveal new 
insights into the unaltered building blocks 
of the solar system and the types of amino 
acids and other organic molecules that aster- 
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oid impacts delivered to an early Earth. “We 
are bringing back scientific treasure,” says 
Lauretta, who took over as principal investi- 
gator following Drake’s death in 2011. 

The samples will come from Bennu, a 
half-kilometer-wide asteroid that’s as black 
and dense as coal. It’s a “B-type” asteroid, 
one of the parent bodies suspected to be re- 
sponsible for the carbon-rich meteorites that 
Lauretta studied. Its orbit at times brings 
it nearly as close to Earth as the moon, so 
astronomers have studied it 
well. Nevertheless, mystery 
remains. There’s a_ small 


hope to confirm suspicions that Bennu was 
born hundreds of millions of years ago in col- 
lisions within the asteroid belt. 

As it traces out the lumpy contours below, 
the spacecraft will also identify up to 12 sites 
for potential sampling. Lauretta and his team 
will then narrow these candidates based on 
accessibility and safety: The spacecraft can’t 
reach Bennu’s poles, for example, and it will 
avoid slopes, boulders, and pebbles. After 
that, the science comes in, along with de- 
bates. Some, interested in the 
early solar system, will favor 
pristine samples recently ex- 


chance, for instance, that a “We are br mging humed from the asteroid’s 
hint of blue in its reflection back scientific interior; others will want 
could point to a past episode 5 surface dust that has been 
of heating that might have treasure. blasted by radiation and en- 


destroyed the anticipated 
organic molecules, says Mike 
Zolensky, a space dust sci- 
entist at NASA’s Johnson Space Center in 
Houston, Texas. 

Upon arrival in August 2018, the spacecraft 
will survey Bennu from 240 meters above the 
surface. It will study the Yarkovsky effect, in 
which photons emitted from the sun-heated 
surface of a small, rotating asteroid generate 
a minuscule force that can alter its orbit. Be- 
cause the effect varies greatly depending on 
subtle differences in shape and reflectivity, 
scientists want an opportunity to study it up 
close. The effect can also be used to trace as- 
teroid orbits back in time, in order to identify 
the events that created them. Team scientists 
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Dante Lauretta, OSIRIS- 
REx principal investigator 


dured “space weathering.” 
Ideally, investigators will find 
a shallow crater where both 
types of material coexist. It will ultimately 
be NASA and Lauretta’s call. “It’s the billion- 
dollar decision,” Lauretta says. 

OSIRIS-REx won’t land on Bennu. It 
will pogo off it. Extending an arm with 
a vacuum chamber at its end—a scheme 
that engineers first demonstrated with 
a Solo plastic cup and an air compres- 
sor—the spacecraft will make contact with 
the surface for 3 to 5 seconds, blasting it 
with nitrogen to kick dust into the cham- 
ber, before rebounding off. Ideally, it will 
be a “safe, smooth, slow high-five of that 
surface,” says Christina Richey, a deputy 
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program scientist at NASA headquarters in 
Washington, D.C. 

The dust harvest—anywhere from 60 to 
300 grams—“won’t be much, but NASA sci- 
entists have become masters at working with 
practically nothing,” says Hap McSween, 
a planetary scientist at the University of 
Tennessee, Knoxville. McSween leads the cu- 
ration of the Bennu samples, which will be 
kept at the Johnson Space Center. The ma- 
jority will be reserved for future scientists, 
following the model set by Apollo's 
moon rocks. 

Will these pricey and precious samples be 
worth it? Alan Rubin, a meteorite scientist at 
the University of California, Los Angeles, says 
that meteorites offer something better—clean 
samples of an asteroid’s interior—and they're 
cheap. “Go some millimeters below the fu- 
sion crust” of a meteorite, he says, “and that 
stuff is still pristine.” 

But team members say that although 
carbon-rich meteorites probably come from 
asteroids like Bennu, they don’t know for 
sure. And they believe the dust sample will 
tell stories about Bennu’s past—biographical 
information that could not be gleaned from a 
meteorite. Mark Sykes, director of the Plan- 
etary Science Institute in Tucson, is curious 
to see whether the dust samples show that 
Bennu has a wide mix of materials—say, rocks 
formed at both high and low temperatures. 
That would indicate that, early on, the aster- 
oid’s orbit migrated toward or away from the 
sun, which could support the notion that the 
solar system “was a pretty rough and tumble 
environment,’ Sykes says. 

The greatest challenge for the mission will 
be keeping its samples safe and unsullied—the 
very thing Lauretta was after in the first place. 
When the mission’s capsule falls onto Utah’s 
West Desert in 2023, it will be protected by a 
heat shield and slowed by a parachute. But 
Hayabusa 1’s similar return capsule, carrying 
samples from a silicate asteroid, suffered an 
O-ring leak, contaminating its contents with 
earthly organics. NASA’ Stardust mission, 
which raced through a comet’s tail, catching 
dust as it went, was also plagued by contami- 
nation, and its samples were deeply modified 
by their high-speed collection. OSIRIS-REx, 
designed for a gentle encounter, aims to 
do better. 

Even if OSIRIS-REx succeeds, its cargo will 
not be the first carbon-rich asteroid dust in 
human hands. Hayabusa 2, launched in 2014 
and set to return at least 100 micrograms of 
dust in 2020, ought to hold that distinction. 
But the U.S. and Japanese teams see their 
mirrored purposes as a strength, offering a 
chance to check each other’s results. Nor can 
any one asteroid tell a universal story. “You 
don’t go to one of them and say, ‘I understand 
how all these things work,” Sykes says. ® 
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London's biomedical 
behemoth opens its doors 


The £650 million Francis Crick Institute aims to foster 
collaboration—but Brexit casts a shadow 


By Erik Stokstad 


he largest biomedical research build- 

ing in Europe—the £650 million 

Francis Crick Institute in London—is 

finally complete, and jaws are drop- 

ping. “It’s very, very big,” says science 

policy expert Paul Nightingale of the 
University of Sussex in the United Kingdom. 
With gleaming metal roofs that curve over 
four wings of laboratories, the Crick has 
nearly 93,000 square meters of floor space— 
the equivalent of 13 soccer fields—and “more 
rooms than Buckingham Palace,” a press re- 
lease trumpeted in April. A basement twice 
the size of the Royal Albert Hall is packed 
with top-flight instruments, a special lab for 
dangerous pathogens, and animal facilities 
with 35,000 cages. 

This week, the first of 1500 researchers 
and support staff will move into four floors 
of laboratories designed to facilitate collabo- 
ration. “It’s going to be a showcase for Brit- 
ish science,” says Bruce Stillman, president 
of Cold Spring Harbor Laboratory in New 
York. But the United Kingdom’s vote in June 
to leave the European Union has dampened 
some of the elation, as the Crick relies on 
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overseas talent. More than 60% of the first 
wave of scientists to move in are foreigners, 
nearly one-third of those from within the 
European Union. And its startuplike culture, 
with minimal management and plans for a 
workforce of mostly young scientists who can 
stay no longer than 12 years, means the Crick 
will require a stream of talent from around 
the world. 

The Crick’s allure for U.K. scientists also 
raises concerns. Although supporters say the 
behemoth will strengthen science nation- 
wide, others fret that it will suck up so much 
talent and funding that universities outside 
London will suffer. “It’s a massive gamble,” 
says Kieron Flanagan, a science policy ex- 
pert at the University of Manchester in the 
United Kingdom. 

A decade ago, two major biomedical in- 
stitutes in London—the Medical Research 
Council’s (MRC’s) National Institute for 
Medical Research and the London Research 
Institute, operated by the charity Cancer 
Research UK—were outgrowing their ag- 
ing facilities. In 2007, the two purchased 
a plot of land near St. Pancras station in 
downtown London, and not long after they 
agreed to merge. U.K. geneticist and Nobel 


More than 60% of the first wave of 
scientists to move into the Francis Crick 
Institute in London are foreigners. 
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laureate Paul Nurse, then-president of The 
Rockefeller University in New York City, be- 
came CEO of the joint venture. To help build 
the structure, the government contributed 
£220 million; the Wellcome Trust also gave 
a significant amount. 

Construction went relatively smoothly for 
such a complicated project, observers say. 
Objections from worried neighbors did not 
prevent completion of a biosafety level 3 lab 
for studying diseases such as tuberculosis 
and influenza. Researchers have their own 
construction worries, however: The planned 
route of a new underground railway line 
was shifted closer to the Crick in 2013. Its 
vibrations and magnetic interference could 
affect sensitive devices such as those in 
MRC’s facility for biomolecular liquid-state 
nuclear magnetic resonance. 

The two founding institutes will shift 
about 900 scientists—including 180 Ph.D. 
students—and 250 support staff to the new 
institute by early 2017. As tenured research- 
ers retire, they will be replaced with early 
career investigators who have a 6-year con- 
tract that can be renewed only once. “There 
will be continual renewal through new peo- 
ple coming in,” says Richard Treisman, a sci- 
entific director at the Crick. “It’s an effective 
way of keeping a research system lively and 
vibrant,” says Iain Mattaj, director general 
of the European Molecular Biology Labora- 
tory in Heidelberg, Germany. 

Another 200 scientists from University 
College London, Imperial College London, 
and King’s College London—which each 
gave £40 million toward construction—will 
bring in additional expertise during vis- 
its lasting from a few months to 6 years. 
Pharmaceutical giant GlaxoSmithKline will 
dispatch 20 researchers to work on joint 
projects with Crick scientists. The proxim- 
ity to many London hospitals will make 
translational and clinical research easier. 

Some worried that the high cost of living 
in London might discourage candidates. 
Mattaj doubts that. “I think the Crick will 
be a superattractive place.” The appeal for 
Ph.D. students is already clear: Thirteen 
hundred applied for 44 positions this year. 

The United Kingdom’s future relation- 
ship with the European Union casts a big- 
ger shadow (Science, 29 July, p. 437). “It is 
a blight that is hanging over the whole of 
British science, but especially the Crick, 
because it’s big and new,” says University 
of London neuroscientist and former MRC 
chief executive Colin Blakemore. Restric- 
tions on migration could make it more dif- 
ficult to recruit, Treisman says, and limited 
access to EU research funds could squeeze 
the £130 million operating budget, about 
5% of which comes from EU grants. “We 
just don’t know what’s going to happen.” 
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DRUG DEVELOPMENT 


A painstaking overhaul for 
cardiac safety testing 


New methods may better predict arrhythmia risk in vitro 


By Kelly Servick 


f any safety test should err on the side 

of caution, it’s one for whether a new 

medicine might accidentally stop your 

heart. But for years, researchers have 

worried that preclinical tests for cardiac 

risk are so simplistic and conservative 
that they might lead drugmakers to aban- 
don promising and safe treatments early 
in development. 

Now, an international team of regulators, 
academic researchers, and drug companies 
is nearing completion of a project to validate 
a new—and hopefully more accurate—set of 
cardiac safety tests, known as the Compre- 
hensive in vitro Proarrhythmia Assay (CiPA). 
In the coming weeks, a key component of 
that assay, based on stem cell-derived heart 
cells, will undergo blind testing on drugs 
with known risks at various academic and 
industry labs. 

Regulators in the United States, Europe, 
and Japan rely on standards for arrhythmia 
risk testing set in 2005 by a body called the 
International Council for Harmonisation of 
Technical Requirements for Pharmaceuticals 
for Human Use (ICH). Those standards were 
born from a series of grim surprises. In the 
1990s, several drugs were yanked from the 
market for dramatic cardiac side effects. One 
prominent example, an antihistamine called 
terfenadine, was reported to cause cardiac ar- 
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rest in more than 100 patients before the U.S. 
Food and Drug Administration (FDA) with- 
drew its approval in 1997. 

It turned out that terfenadine blocked a 
key ion channel on the membrane of car- 
diac muscle cells. Electrical signals from the 
flow of ions across these membranes rhyth- 
mically contract the heart, and this particu- 
lar channel—encoded by a gene known as 
hERG—helps restore equilibrium after a con- 
traction by letting potassium ions out. If it is 
blocked, heart cells are slower to “recharge” 
after a beat, which can lead to an irregular 
rhythm and sometimes death. 

ICH standards require that drug develop- 
ers test candidates for hERG-blocking activ- 
ity in cultured cells. Not all compounds with 
hERG activity turn out to be dangerous; 
more than a dozen ion channels interact to 
affect the rhythm of heart contractions. But 
researchers spooked by an ominous hERG 
assay sometimes “end up throwing drugs 
away that most likely would be good drugs,” 
says Gary Gintant, a research fellow at drug- 
maker AbbVie Inc. in Chicago, Illinois, who 
leads one of the teams within CiPA. In phase 
II trials, most drugs get another safety test: 
Patients’ electrocardiograms (ECGs) can 
reveal potentially dangerous lengthening 
of the heart’s electrical cycle. That process 
costs millions of dollars, can throw up a red 
flag after a company is heavily invested in 
a drug, and sometimes generates both false 
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DATA: RETRACTION WATCH 


Clusters of stem cell-derived cardiac muscle cells 
model how the heart may respond to a new drug. 


positives and false negatives, Gintant notes. 

Better ways to predict how heart muscle 
will behave would allow drug developers 
to advance more candidates into trials and 
maybe avoid large-scale, late-phase ECG 
studies. Some drug companies and academic 
labs are already exploring whether channels 
other than AERG are good predictors of ar- 
rhythmia risk. They have also begun develop- 
ing more realistic models of the human heart 
in a dish, using induced pluripotent stem 
CIPS) cells—reprogrammed adult cells capa- 
ble of differentiating into many types of cells. 
The challenge now is to turn that new science 
into a well-validated, standard set of tests. 

The CiPA initiative, a partnership between 
FDA and several agencies and consortia, in- 
cluding Health Canada, the European Medi- 
cines Agency, and Japan’s National Institute of 
Health Sciences, is an attempt to do just that. 
One group within CiPA is investigating seven 
channels (including AERG) known to regu- 
late heart rhythm to find which combination 
of channel-blocking tests might best predict 
safety. A second team is refining a computer 
model of the human ventricle’s electrical be- 
havior; it will turn ion channel data into es- 
timates of arrhythmia risk. A third is testing 
how well clusters of IPS-derived heart muscle 
cells mimic the behavior of the adult heart 
when exposed to various drugs. Some predict 
that this stem cell approach, after much re- 
fining, could even eliminate the need to test 
individual ion channels. 

In a first round of validation last year, aca- 
demic and industry labs blindly exposed IPS- 
derived cells to eight different compounds. 
Data across study sites “looked surprisingly 
similar,’ says Joseph Wu, a cardiologist and 
stem cell biologist at Stanford University 
in Palo Alto, California, who led one of the 
testing efforts. 

A second round of FDA-funded tests for a 
set of 28 compounds began this month. By 
the end of next year, CiPA collaborators in- 
tend to propose the complete assay—a three- 
part process combining ion-channel assays, 
computer simulation, and IPS-derived cells— 
to a group within ICH that could choose to 
revise the 2005 standard. 

Even with this new set of tools, companies 
may still decide that a compound that acts 
on multiple cardiac ion channels is too risky 
to pursue, says Icilio Cavero, a retired cardio- 
vascular pharmacologist and safety con- 
sultant to drug companies who is based in 
Paris. And it will take more than these initial 
28 compounds to prove that IPS-derived 
cells can be reliable safety predictors. “The 
idea [of CiPA] is beautiful,’ Cavero says, but 
“new things scare everybody.” 
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RESEARCH MISCONDUCT 


Duke fraud case highlights 
financial risks for universities 


Whistleblower alleges doctored data were used to secure 
$200 million in grants from NIH and other federal agencies 


By Alison McCook, Retraction Watch 


n a Friday in March 2013, a re- 

searcher working in the lab of a 

prominent pulmonary scientist at 

Duke University in Durham, North 

Carolina, was arrested on charges 

of embezzlement. The researcher, 
biologist Erin Potts-Kant, later pled guilty 
to siphoning more than $25,000 from the 
Duke University Health System, buying 
merchandise from Amazon, Walmart, and 
Target—even faking receipts to legitimize 
her purchases. A state judge ultimately lev- 
ied a fine, and sentenced her to probation 
and community service. 

Then Potts-Kant’s troubles got worse. 
Duke officials took a closer look at her work 
and didn’t like what they saw. Fifteen of her 
papers, mostly dealing with pulmonary bio- 
logy, have now been retracted, with many 
notices citing “unreliable” data. Several 
others have been modified with either par- 
tial retractions, expressions of concern, or 
corrections. And last month, a U.S. district 
court unsealed a whistleblower lawsuit filed 


by a former colleague of Potts-Kant. It ac- 
cuses the researcher, her former supervisor, 
and the university of including fraudulent 
data in applications and reports involving 
more than 60 grants worth some $200 mil- 
lion. If successful, the suit—brought under 
the federal False Claims Act (FCA)—could 
force Duke to return to the government up 
to three times the amount of any ill-gotten 
funds, and produce a multimillion-dollar 
payout to the whistleblower. 

The Duke case “should scare all [aca- 
demic] institutions around the country,’ 
says attorney Joel Androphy of Berg & 
Androphy in Houston, Texas, who special- 
izes in false claims litigation. It appears 
to be one of the largest FCA suits ever to 
focus on research misconduct in academia, 
he says, and, if successful, could “open the 
floodgates” to other whistleblowing cases. 

False claims lawsuits, also known as qui 
tam suits, are a growing part of the U.S. le- 
gal landscape. Under an 1863 law, citizen 
whistleblowers can go to court on behalf 
of the government to try to recoup federal 
funds that were fraudulently obtained. 


Holding universities liable for research fraud 


Whistleblowers have a mixed record of success in False Claims Act (FCA) lawsuits against research universities 
that involve allegations of scientific misconduct. Highlights from selected cases: 


YEAR WHISTLEBLOWER DEFENDANT ALLEGATIONS OUTCOME 

2009 Taryn Resnick, Weill Medical College of — In grants totaling $14 mil- College settled for $2.6 mil- 
former employee Cornell University lion, researcher Lorraine J. lion, plus attorneys’ fees 

Gudas falsified data, failed and expenses. 
to disclose other funding, 
and misapplied funding. 

2012 Daniel Feldman, Weill Medical College Misuse of research train- Defendants paid $887,714, 
fellowship program of Cornell University ing grant; deviated from plus $602,898.63 in attorneys’ 
participant and psychiatrist Wilfred submitted plan. fees and expenses. 

van Gorp 
2012 ~Kenneth Jones, Brigham andWomen’s __ Including falsified data in Failed; whistleblower ulti- 
researcher Hospital, Massachu- application for Alzheimer's mately lost at trial. 
setts General Hospital, disease research grant. 
and researchers 
Marilyn Albert and 
Ronald Killiany 
2014 _ TerriKing, former University of Texas Falsifying research data. Failed. U.S. Supreme Court 


associate professor — Health Science Center 
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upheld lower court ruling 
that the public university was 
exempt from FCA liability. 
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Winners can earn big payoffs, getting up 
to 30% of any award, with the rest going 
to the government. Whistleblowers filed 
a record 754 FCA cases in 2013, and last 
year alone won nearly $600 million. The 
U.S. government, meanwhile, has recouped 
more than $3.5 billion annually from FCA 
cases in recent years. 

Relatively few of these cases have tar- 
geted research universities (see box, 
p. 977); many allege fraud in health care or 
military programs. But that’s changing. The 
FCA “is increasingly being used to target al- 
leged fraud in a diverse array of industries, 
including research and academia,” says at- 
torney Suzanne Jaffe Bloom of Winston & 
Strawn LLP in New York City. Although re- 
cent court rulings suggest public universi- 
ties may have some protection from qui tam 
suits because they are government entities, 
private institutions do not. Eleven private 
universities, including Duke, are among the 
top 25 recipients of federal funding for aca- 
demic science over the past decade. 

The Duke case centers on allegations 
made by biologist Joseph Thomas, who, ac- 
cording to court documents, joined Duke’s 
cell biology department in 2008. In 2012 
Thomas moved to the pulmonary divi- 
sion, where Potts-Kant 
worked under William 
Michael Foster investi- 
gating how pollutants 
affect the body’s air- 
ways. After Potts-Kant 
was placed on leave in 
2013, the pulmonary 
division conducted an 
investigation of the 
data produced by Foster’s lab, according 
to the lawsuit. (Duke has not released the 
results of the investigation.) Investigators 
analyzed raw data, recalculated results, 
and reran experiments, according to the 
suit. Thomas, who says he participated 
in the review, claims that other reviewers 
and pulmonary division staff told him that 
Potts-Kant doctored nearly every experi- 
ment or project in which she participated. 
Sometimes, the suit alleges, she hadn’t ex- 
posed mice to the right experimental condi- 
tions or run the experiments at all. Other 
times, Thomas alleges, Potts-Kant had 
run the experiments but altered the data, 
tweaking them to match the hypothesis or 
boost their statistical significance. 

Thomas, who no longer works at Duke, 
alleges that Foster and others at Duke were 
aware of concerns raised about Potts-Kant’s 
work even before the investigation began. 
There were obvious red flags, he contends. 
For example, she spent far less time com- 
pleting a research task than required by 
an equally experienced researcher. And 
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“You can have research 
misconduct without 


having a false claim.” 
Torrey Young, Foley & Lardner LLP 


at least one outsider had raised questions 
about her data at a scientific meeting. But 
the university withheld the scope of what 
it knew from federal funding agencies as it 
filed reports on existing grants and applied 
for new ones, the lawsuit alleges. 

Specifically, Thomas alleges that since 
2006 Duke received at least 49 grants worth 
$82.8 million from the National Institutes 
of Health (NIH), the Environmental Pro- 
tection Agency, and other agencies “that 
were directly premised on and/or arose 
from the research misconduct and fraud of 
Potts-Kant and/or the Foster lab.” And he 
alleges that the doctored data helped other 
institutions win 15 additional grants, worth 
$120.9 million, from NIH. (Those grants 
involved using the Duke lab for some re- 
search tasks.) 

Foster did not respond to requests for 
comment on the case. Thomas—who is 
represented by his brother John Thomas of 
Gentry Locke LLP in Roanoke, Virginia— 
would not comment, and Potts-Kant could 
not be reached. In a statement, Duke 
spokesperson Michael Schoenfeld says that 
officials learned of the “discrepancies” in 
Potts-Kant’s data only after her embezzle- 
ment was discovered in 2013. “Even though 
the full scope of Ms. 
Potts-Kant’s actions 
were not known at the 
time, Duke notified 
several government 
agencies in June 2013 
about the matter and 
immediately launched 
a formal _ scientific 
misconduct investiga- 
tion, as required by federal law,” he stated. 
“Since then, Duke has provided extensive 
information to the government regarding 
the grants in question, and we will con- 
tinue to cooperate with their investigation.” 
(The government has not joined the case, 
but could later.) 

An attorney not associated with the case 
says it may face obstacles. Although the 
high number of retractions suggests that 
Thomas can meet the FCA’s requirement 
that “falsity” exists, it may be more difficult 
to show that the inclusion of fraudulent 
data was key to winning the grants, an- 
other essential aspect of an FCA case, says 
Torrey Young of Foley & Lardner LLP in 
Boston. “An important concept,” she says, 
is that “you can have research misconduct 
without having a false claim.” 


Alison McCook is an editor at Retraction 
Watch based in Philadelphia, 
Pennsylvania. This story was produced 
under a collaboration between Science and 
Retraction Watch. 
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SCIENCE POLICY 


Congress 
faces a lengthy 
science 

to-do list 


2017 spending to be delayed 
By Science’s News Staff 


ongress returns next week from a 

7-week summer break with a lengthy 

list of unfinished business, some of 

great interest to the U.S. research 

community—and just a few weeks 

to tackle it. Lawmakers aren’t likely 
to pare that list by much before they leave 
next month to campaign in advance of the 
8 November elections. They might give 
some issues a second look after the elec- 
tion, however, when they return for a lame 
duck session after the country has picked a 
successor to President Barack Obama and a 
new Congress. 

The one big responsibility Congress 
can’t shirk is passing some kind of spend- 
ing bill to keep the government running 
for the 2017 fiscal year, which begins on 
1 October. But Republicans, who control 
both the House of Representatives and the 
Senate, don’t agree on whether to abide 
by an existing spending pact made with 
Obama, or to modify it to increase the de- 
fense budget and cut domestic programs. 
As a result, legislators this month are ex- 
pected to put off a decision by temporarily 
extending 2016 spending levels into 2017 
with a so-called continuing resolution (CR). 
The CR likely will fund the government 
through late December, allowing law- 
makers to wait until they know whether 
they will be dealing with Hillary Clinton or 
Donald Trump before devising a final 2017 
spending plan. 

Practically speaking, a CR means the 
budgets of federal research agencies will 
be frozen: Administrators won’t be able 
to start new programs or benefit from the 
spending hikes envisioned in some prelimi- 
nary appropriations bills awaiting final ac- 
tion. They include a hefty proposed increase 
for the National Institutes of Health (NIH), 
another big boost for a NASA mission to a 
jovian moon, a new Coast Guard icebreaker 
that would enhance polar research, and 
a third midsized research vessel for the 
U.S. academic fleet. A CR also would leave 
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Lawmakers must decide whether to spend $1 billion to replace the aging heavy icebreaker Polar Star. 


hanging major disagreements between 
the House and Senate on whether to con- 
tinue U.S. participation in ITER, the costly 
international fusion project, and how much 
earth science NASA should carry out. 

Here’s more on a few issues science lobby- 
ists are tracking: 


Funding for NIH and the cancer moonshot. 
Research groups are hoping lawmakers will 
give NIH its second substantial increase in 

a row after 12 years of flat budgets. A Senate 
committee has approved a 6% increase to 
$34.1 billion, a $2 billion jump, whereas a 
House panel has approved a 4% boost. Both 
proposals would boost Alzheimer’s disease 
research, with the Senate calling for a 

$400 million, 40% increase. They would also 
add $100 million to the president’s Preci- 
sion Medicine Initiative, bringing the total 
to $300 million. But neither bill contains 
the $680 million that the White House re- 
quested for Vice President Joe Biden’s moon- 
shot to accelerate progress against cancer. 


Accelerating medical treatments. Propo- 
nents of a sweeping bill that the House 
passed to speed the discovery and develop- 
ment of new medical treatments hope the 
Senate will embrace at least some of its key 
provisions this year. Both the House bill, 
known as the 21st Century Cures Act, and a 
set of 19 smaller Senate bills endorse plans 
to create incentives and scale back regula- 
tory requirements for certain high-priority 
treatments, such as drugs to treat rare, life- 
threatening infections. But the Senate has 
so far balked at a plan in the House Cures 
bill to boost NIH’s budget by $8.75 billion 
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over 5 years through so-called mandatory 
spending mechanisms, which aren’t subject 
to annual appropriations. Senate leaders 
hope to win support for a shorter-term 
mandatory funding “surge” for high- 
priority research, including Biden’s 

cancer moonshot. 


New policy for the National Science Founda- 
tion (NSF)? Both the House and the Senate 
have been working on legislation that would 
tweak an expired 2010 law, the America 
Creating Opportunities to Meaningfully Pro- 
mote Excellence in Technology, Education, 
and Science Act, which sets funding targets 
and operational policy for NSF, the National 
Institute of Standards and Technology, the 
White House Office of Science and Technol- 
ogy Policy, and government-wide science 
education programs. Now, science lobby- 
ists face the challenge of trying to generate 
support for the Senate legislation, which 
they generally like, while fighting bills they 
oppose that have cleared the House. 
Critics—including Democrats and science 
groups—say the House bills would under- 
mine peer review at NSF and force scien- 
tists to pass political litmus tests, as well as 
throttle back on curiosity-driven research. 
House Republicans counter that they just 
want to ensure that limited dollars are 
spent wisely and block the Obama admin- 
istration’s politically motivated research 
agenda. The battle may not end this year. 


Easing the “administrative burden” on univer- 
sities. This bland phrase belies the academic 
community’s sense of urgency about easing 
regulations that govern federally funded 
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research done on campus. A succession of 
blue-ribbon panels has implored the govern- 
ment to streamline the process of apply- 

ing and accounting for federal grants, and 
several House and Senate bills offer a range 
of reforms. But finding common ground 
may be difficult. 


Anew icebreaker? The United States is down 
to just one heavy icebreaker, the Polar Star, 
after its twin, the Polar Sea, was shut down 
in 2010. As a result, experts say, the United 
States is losing the ability to supply Antarc- 
tic bases and conduct Arctic science, even 
as other nations expand their polar fleets. 
But a new heavy icebreaker is expected 

to cost $1 billion. The White House wants 
to start building a replacement by 2020, 
and a Senate spending panel has put the 
needed funds into a 2017 defense spending 
bill. But House appropriators are skeptical. 


Energy research funding. Both House 

and Senate appropriators have given the 
Department of Energy’s (DOE's) basic 
research wing, the Office of Science, a 1% 
bump, to $5.4 billion, for 2017. But the 
chambers disagree on how that money, 
short of Obama’s 4% request, should be 
spent. For example, the Senate would cut 
DOE’s fusion budget by about one-third 
and cancel money for ITER; the House 
would back ITER and boost fusion spend- 
ing by 3%, to $450 million. 

Researchers and advocates are also 
eyeing House-Senate negotiations over a 
major energy bill that would set future 
funding targets for the Office of Science, as 
well as encourage the development of en- 
ergy resources—a goal hailed by industry. 
But Obama has threatened to veto any bill 
that weakens environmental protections. 


Meanwhile, at the White House. ... Congress 
is a bystander on some of the most mo- 
mentous research issues that are in play. 
The Obama administration is rushing to 
complete a host of new regulations, includ- 
ing rules on greenhouse gas emissions and 
environmental protection. (Which have 
triggered highly publicized fights with 
Republicans.) Biomedical scientists are 
most interested in something not generat- 
ing major headlines: a potential update of 
the so-called Common Rule on protecting 
human research subjects. Critics warn that, 
by tightening consent requirements, the 
proposed update could endanger certain 
types of research. They want regulators to 
go back to the drawing board. & 


With reporting by Jeffrey Mervis, Jocelyn 
Kaiser, Adrian Cho, Kelly Servick, Carolyn 
Gramling, and David Malakoff. 
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MENTORING'S MOMENT 


NIH’s new mentoring network aims to improve success rates 
for minority grant applicants. But it faces long odds 


rowing up in a_ working-class 

neighborhood of South Los An- 

geles, California, Blake Riggs was 

1 day away from enlisting in the 

U.S. Navy when the University of 

California (UC), Santa Cruz, ad- 

mitted him in 1992. Riggs, who is 

black, hoped to major in marine 

biology. And his plans got a big 

boost when he was chosen for the Minor- 

ity Access to Research Careers program, a 

long-running effort funded by the National 

Institutes of Health (NIH) to help minority 
students launch their scientific careers. 

But Riggs crashed soon after takeoff. Riggs 

says an instructor in the dolphin lab where 
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By Jeffrey Mervis 


he was assigned to work told him that other 
students were more qualified, and implied 
that he only got the job because of his race. 
Over the next several months, Riggs says he 
was denied access to the physiological data 
he was supposed to collect. And rather than 
standing up for his student, Riggs’s faculty 
adviser lectured him on the need to do his 
own research and ultimately booted him out 
of his group. 

Riggs was determined to remain in sci- 
ence, however, and a cell biologist offered 
him a lab job—and some crucial mentoring. 
With that support, Riggs finished his under- 
graduate degree and later returned to UC 
Santa Cruz to earn his Ph.D. in cell biology. 
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In 2010, he joined the biology faculty at San 
Francisco State University (SFSU) in Califor- 
nia; this spring, at age 41, he received tenure. 
The only minority faculty member in his 
department, Riggs has paid homage to the 
importance of mentors in his own career 
by making mentoring a priority. Students 
of color comprise the majority in his lab. 
Last December, the National Science Foun- 
dation gave Riggs a prestigious CAREER 
award to expand to the entire campus a 
student “near-peer” mentoring program he 
created as well as to support his own re- 
search, on asymmetrical cell division. 
Diversity advocates have long believed 
that mentoring holds the key to increasing 
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minority participation in U.S. science. NIH 
acknowledged its importance in October 
2014 by launching the 5-year, $22 million 


National Research Mentoring Network 
(NRMN) as part of a larger, multipronged, 
10-year initiative to enhance the diversity of 
the biomedical workforce. 
NRMN—“Norman” to insiders—is NIH’s 
biggest ever focused investment in mentor- 
ing. But it is off to a rocky start. Even before it 
was publicly announced, divisions within the 
diversity community prompted NIH officials 
to take the unusual step of adding to its leader- 
ship team a scientist who had been part of 
a group that lost out in the competition to 
create the network. And earlier this year, the 
principal investigator (PI) for the multisite 
network, which is based at Boston College in 
Chestnut Hill, Massachusetts, resigned after 
continuing conflicts with NIH officials over 
NRMN’s direction, leaving it in disarray. 
NIH has spent billions of dollars over 
the past 40 years on programs aimed at 
removing obstacles to participation by 
underrepresented groups, a category that 
also includes Latinos, Native Americans, 
people with disabilities, and those from dis- 
advantaged backgrounds. But it has little to 
show for it, officials acknowledge. “We are far 
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Blake Riggs, a biologist at San Francisco State 
University in California, talks with undergraduate Iris 
Avellano (right) and lab tech Mark Velasquez (left). 


short of where we want to be,” NIH Director 
Francis Collins in Bethesda, Maryland, said 
on the day NRMN was announced. 

Some diversity advocates are worried that 
unfortunate track record may continue de- 
spite the new initiative. In particular, they 
fear that NIH may end support for NRMN af- 
ter 5 years if the network falls short of some 
short-term, quantitative goals. 

“Tf you're looking for meaningful outcomes 
at the end of 5 years, then you might as well 
pull the plug now, because [NRMN] is going 
to fail?’ predicts Donald Wilson, co-founder of 
the Association for Academic Minority Physi- 
cians (AAMP), which since 1968 has pushed 
for increased minority participation in aca- 
demic medicine. Wilson, a retired medical 
school dean in Owings Mills, Maryland, who 
is a part of NRMN’s administrative core, says 
“many of us are concerned that if NIH offi- 
cials don’t see results immediately, they will 
say, “Too bad, we tried. But that’s the best we 
can do.” (NIH officials say they will assess 
NRMN in the same way they would judge any 
large project.) 


THE MENTORING NETWORK and NIH’s larger 
diversity initiative are the products of 
an unusual exercise in bureaucratic self- 
examination. In 2008, then-acting NIH 
Director Raynard Kington gave Donna 
Ginther, an economist at the University of 
Kansas, Lawrence, and other outside schol- 
ars unprecedented access to confidential 
data on the agency’s grants process. The 
goal was to explore possible racial bias in 
grant awards. 

Their findings were a bombshell: A black 
applicant’s chance of winning an RO1 grant— 
NIH’s bread-and-butter research award—was 
10 percentage points lower than a white 
colleague’s (Science, 19 August 2011, p. 925). 
Only 185 black applicants were funded be- 
tween 2000 and 2006, for example; the num- 
ber would have been 337 if blacks had been 
funded at rates equal to whites. (Such dis- 
parities have persisted, NIH officials reported 
this summer [Science, 17 June, p. 1379]. The 
comparison was between those with similar 
credentials. An in-house analysis of a more 
recent cohort of 1054 matched pairs of ap- 
plicants found that black grant seekers were 
35% less likely to be successful than whites.) 

The Ginther report, as it became known, 
didn’t address whether the disparity exists 
because minority applicants were victims of 
discrimination or simply because their pro- 
posals were less competitive. But it drove 
home the lack of diversity in NIH’s applicant 
pool. Black people, for instance, made up just 
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14% of the some 83,000 applicants included 
in the study, although they constitute 13% of 
the U.S. population. 

The 2014 diversity initiative is essentially 
NIH’s response to the Ginther report. Its big- 
gest component is the Building Infrastructure 
Leading to Diversity (BUILD) program, in 
which 10 minority-serving institutions expect 
to receive $20 million to $25 million over 
5 years to improve the undergraduate experi- 
ence for underrepresented students majoring 
in the life sciences. Many of those universities 
already run other NIH programs with a simi- 
lar goal, but NIH officials say that the BUILD 
initiative is designed to test the efficacy of 
specific approaches in a much more rigorous 
way than has been done to date. Those exper- 
iments will be monitored by a team at UC Los 
Angeles, which will also be coordinating links 
between NRMN and BUILD and evaluating 
the impact of the entire diversity initiative. 


FOR DAVID BURGESS, a cell biologist at Boston 
College, NIH’s 2013 announcement of a com- 
petition for a national mentoring network 
was “the opportunity ’'d been waiting for 
my whole career.’ A member of the Cherokee 
tribe and a former president of the Society 
for Advancement of Chicanos/Hispanics and 
Native Americans in Science, Burgess has 
spent 4 decades mentoring students from 
groups underrepresented in science. He also 
has served on numerous advisory panels that 
have urged U.S. government agencies to im- 
prove the diversity of the scientific workforce. 

After winning one of seven planning 
grants, Burgess joined forces with three other 
first-round winners to create what became 
the winning NRMN proposal. It has several 
components. Burgess would lead the admin- 
istrative core. Molecular geneticist Jamboor 
Vishwanatha, at the University of North 
Texas Health Science Center in Fort Worth, 
would create an online mentoring network 
for budding researchers to connect with se- 
nior academic mentors anywhere in the na- 
tion. For the first time, students at smaller or 
less research-intensive institutions would be 
able to learn from the best in the business, 
not just from those on their campus. So far, 
1146 mentors have signed up to work with 
2078 students. 

A third element, based at the University of 
Wisconsin, Madison, and led by cell biologist 
Christine Pfund, would train faculty to be- 
come better mentors. “Just because you had 
a good mentor doesn’t mean that you know 
how to do it,” says Pfund, who has spent 
more than a decade studying how to im- 
prove the training of both new and veteran 
faculty members. 

A fourth component, run by Kola Okuyemi 
of the University of Minnesota, Twin Cities, 
would help postdocs and junior faculty better 
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understand the NIH grantsmaking process. 
“We're investing in people who are close to 
applying for an RO1) he says. Such training 
would be especially helpful for scientists at 
institutions with relatively little NIH fund- 
ing and, thus, few faculty members who have 
successfully navigated the system. 

From the beginning, however, there were 
grumblings from the minority research com- 
munity about the makeup of the NRMN team 
and its ability to connect with its intended 
audience. Leaders of minority-serving insti- 
tutions, some with medical schools, were up- 
set that NIH chose Boston College, a largely 
white, Jesuit institution without a medical 
school, to lead the mentoring network. 

Some advocates took their complaints 
directly to senior NIH officials, including 


Collins has declined to talk with Science 
about how NRMN was assembled. But 
Lawrence Tabak, principal deputy NIH di- 
rector, says that the changes were made “to 
ensure appropriate outreach to all communi- 
ties. We took a look at the mix of opportuni- 
ties, and we thought that we could enhance 
what was already present by expanding it.” 

It took Burgess and the NRMN team 
months, however, to integrate the new PI 
and activities demanded by NIH. Then, 
just 1 year into the award, NIH officials 
wrote a sharply critical report of NRMN’s 
management. They were especially un- 
happy with what they characterized as slow 
progress in developing the online mentor- 
ing component of the network. Feeling that 
NIH had lost confidence in his leadership, 


Obstacles to success for black scientists include a shallow pool ... 
Black scientists comprised only 1.5% of the applicants for RO1 grants between 2000 and 2010. 


White 
66.5% 
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... and longer odds. 


Unknown/ 
Asian Other — withheld 


19.8% mia 10.6% 


Black 
15% 


A National Institutes of Health study of 1054 matched pairs of applicants for RO1 grants between 2010 and 
2015 found a disparity in success rates between white and black scientists. 


Of 3757 proposals from white researchers ... 


Not discussed 
46.7% (1756) 


Of 3262 proposals from black researchers ... 


Not discussed 
55.1% (1798) 


Discussed, not funded 
37.5% (1407) 


Discussed, funded 
15.8% (594) 


Discussed, not funded Discussed, funded 
33.2% (1082) 11.7% (382) 


|! 


The disparity: 133 grants 


In this sample, black applicants would have needed to receive 
133 additional awards to reach parity with white applicants. 


Collins. Their intervention ultimately paid off 
when NIH took what many agency observers 
say is an unusual action: expanding NRMN 
by adding a PI from a proposal that had lost 
to the submission from Burgess’s team. The 
new PI, cardiologist Elizabeth Ofili of the 
Morehouse School of Medicine in Atlanta, 
leads an NIH-funded network of research 
centers at minority-serving institutions fo- 
cused on translational medicine, and she 
brought that network into NRMN. NIH also 
directed NRMN to fund Wilson and AAMP to 
conduct a training session on mentoring for 
AAMP members and other national leaders 
at the group’s annual meeting. 
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and weighed down by the continuing ten- 
sions, Burgess stepped down shortly after 
the NRMN team received the report last 
December. Boston College will continue to 
manage the network. 


BURGESS’S DEPARTURE “was a big shock to 
the system,” Pfund says. And some diver- 
sity advocates say the program’s travails 
pose a larger question: Will NIH’s response 
to Ginther actually increase the number of 
underrepresented minorities in the agency’s 
applicant pool anytime soon? 

Some of the factors causing the award dis- 
parity are beyond NIH’s control to fix, they 
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note. The agency is in a poor position to 
address the lifelong negative effects of pov- 
erty, for instance, or the low-quality educa- 
tion many students from underrepresented 
groups receive before attending college. 
There’s also the sorry legacy of covert and 
overt discrimination within academia. And 
NIH can’t change the fact that most life sci- 
ence majors don’t earn biomedical Ph.D.s, 
that most Ph.D.s won’t enter academia, and 
that most academics will never apply for an 
RO1 grant, much less obtain one. So even if 
NRMN is successful at enrolling and mentor- 
ing large numbers of minority students and 
faculty members, its efforts may not translate 
into higher success rates for minority appli- 
cants on RO! grants. 

But even actions within NIH’s reach, such 
as funneling resources to programs aimed at 
underrepresented minorities, carry political 
and legal peril. The dangers include poten- 
tial lawsuits from critics claiming that such 
programs amount to reverse discrimination. 
NIH’s response to that threat has been to in- 
sist that NRMN and other programs aimed 
at fostering diversity be open to all students 
and faculty members, not just minorities. But 
that broad scope may dilute their impact on 
the problem. 

Another challenge is the relatively short 
duration of the NRMN and BUILD pro- 
grams (a 5-year award with the possibility of 
a 5-year renewal). It means that few of the 
students and faculty involved will be ready to 
apply for an NIH grant before the effort ends. 

In the meantime, Riggs represents both the 
promise of programs like NRMN—and how 
hard it will be to achieve the changes NIH 
seeks. He’s already signed up for NRMN’s 
fledgling online mentoring network, and is 

working with a minority student attending 
graduate school in Arkansas. He’s also served 
as a liaison between NRMN and the BUILD 
project based at SFSU and UC San Francisco. 

Despite all of his efforts, Riggs says his 
own odds of becoming part of NIH’s RO1 
grant pool remain poor. Although NIH 

has funded his lab through a program for 
minority-serving institutions that receive 
relatively little NIH funding, Riggs has never 
applied for an ROI grant. “The people in the 
grants office keep telling me to apply, but I 
don’t think our proposal would be competi- 
tive,’ he says. “[SFSU] doesn’t have a Ph.D. 
program, and NIH doesn’t have a history of 
funding people from master’s programs.” 

Although he’d like NRMN to succeed, 
Riggs concedes that “they’re kinda stalled 
right now.” NRMN’s Pfund agrees. “It’s been 
uphill so far,’ she told Science earlier this 
year. “But the promise remains. The next 
3 years offer us a real opportunity to demon- 
strate not only the value of mentoring, but 
also to learn how to do it better.” 
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Genetically engineered 
T cells (blue) take aim at 
cancer cells (purple). 


SECOND CHAPTER 


T cell therapy has successfully targeted blood cancers. 
A bigger challenge is to make it work on solid tumors 


ast month, Roisin O’Cearbhaill, an 

Irish oncologist who looks younger 

than her 37 years, slipped on gloves 

and a protective gown and stepped 

through the doorway of a room in 

her hospital’s intensive care unit. 
Patient No. 1 awaited her. 

All other treatments had failed 

this woman, who is in her early 70s 

and has ovarian cancer. Now, she was about 

to be infused with her own T cells, the work- 

horses of the immune system, which had 

been removed and genetically engineered to 

fight her disease. 
Like all first-in-human trials, O’Cearbhaill’s 
is small and narrowly focused: She hopes 
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to enroll just 15 women at her home base, 
Memorial Sloan Kettering Cancer Center 
in New York City, over the next 18 months, 
and she’s testing mainly whether the treat- 
ment is safe. But it’s hard not to fantasize 
about something more dramatic. Geneti- 
cally engineered T cells have proven almost 
miraculously effective in some _ patients 
with blood cancers, including certain leu- 
kemias and lymphomas. Dozens of adults 
and children near death have been helped, 
and some remain healthy 4 or 5 years 
after treatment. 

As researchers try to take T cell therapy in 
blood cancers from proof-of-principle to prac- 
tical treatment, trials like O’Cearbhaill’s pres- 
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ent another looming test for the approach: 
Can engineered T cells also save people with 
solid tumors spreading through the breasts, 
lungs, brain, and ovaries? Solid tumors are 
far more common than blood cancers and, if 
they metastasize, can be very difficult to halt. 
Immunotherapy drugs called checkpoint 
inhibitors are approved or in testing for a 
number of solid tumors—but even there, the 
fraction that responds is often modest and 
response doesn’t always last. O’Cearbhaill 
and colleagues at Sloan Kettering, around 
the country, and beyond hope this first wave 
of clinical trials will help chart a path toward 
success for a strategy that could upend can- 
cer treatment as we know it. 
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Pediatric oncologist Nabil Ahmed talks with a young cancer patient who is part of his CAR T cell trial at Texas Children’s Hospital in Houston. 


But the last few years have been humbling 
as well as exhilarating. Doctors increasingly 
recognize that to melt away solid tumors, 
T cell therapy must clear daunting hurdles it 
didn’t face in blood cancers. Because of the 
genetic quirks of solid tumors and their skill 
at manipulating their environment to pro- 
tect themselves, they are far trickier to treat. 
Furthermore, the T cell treatments that 
might be most promising can’t be tried in full 
doses right away because of the risk of severe 
side effects. Doctors like O’Cearbhaill must 
walk a tightrope between the most aggressive 
strategy, with greater odds of success, and the 
one least likely to harm 
vulnerable patients and 
wound a nascent field. 

So far there are glim- 


“We're definitely not 


~ 


fied the world when they described three 
men with late-stage chronic lymphocytic 
leukemia whom they treated with geneti- 
cally engineered T cells. One man died from 
disease, but the other two remain healthy 
today. Children and adults with an aggres- 
sive leukemia, acute lymphoblastic leukemia 
(ALL), fared even better. More than 80% have 
had a complete response to the treatment, 
which remains in clinical trials. One poster 
child is l-year-old Emily Whitehead, who 
4 years ago nearly died from side effects of 
T cell therapy but rallied at the eleventh hour. 
She’s been cancer-free ever since. 

For those first patients, 
there were “many, many 
stars aligning at the same 
time,” says Nabil Ahmed, 


mers of T cells’ power, selling it as a wonder a pediatric oncologist at 
but nothing close to what ° Texas Children’s Hospi- 
blood cancer patients treatment. Wej ust tal in Houston. Going in, 
have experienced. “We're fpque to figure out how doctors at UPenn, Sloan 


definitely not selling it 
as a wonder treatment,” 
O’Cearbhaill says. But 
eventually, once investi- 
gators master the dosing 
and add other drugs to bolster the T cells’ 
effectiveness, she hopes it will prove to be so 
for some patients. “We just have to figure out 
how to make it work.” 


TO GRASP THE HURDLES, one must first un- 
tangle the successes. This treatment goes by 
the unwieldy name of chimeric antigen re- 
ceptor (CAR) T cell therapy. That’s because 
the patients’ immune cells are genetically 
modified to target “antigens,” substances on 
the surface of a cancer cell. 

In the summer of 2011, physicians at the 
University of Pennsylvania (UPenn) electri- 
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to make it work.” 


Roisin O’Cearbhaill, Memorial 
Sloan Kettering Cancer Center 


Kettering, and elsewhere 
focused on a subset of 
blood cancers driven by 
an overproliferation of 
B cells, a type of white 
blood cell that helps fight infections. B cells 
turned out to be an ideal target. 

First, every one of these cancer cells 
boasted the same antigen, called CD19, on 
its surface. And second, the only healthy 
cells in the body with CD19 are B cells, and 
people can survive without their B cells. That 
meant that a successful treatment shouldn’t 
severely compromise a patient long-term. 

A third advantage was that both blood can- 
cer cells and T cells reside in the bone mar- 
row. So after being removed from a patient’s 
body, genetically engineered in a lab, and re- 
infused through a vein, the T cells traveled 
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back to where the cancer was thriving. From 
that locale, they could readily stage an attack. 

But clean, clear targets like CD19 are ex- 
ceedingly rare in cancer. Solid tumors are 
far more genetically diverse than those that 
flourish in blood, both among patients and 
even within the same person’s body. In meta- 
static sarcoma, for instance, distant tumors 
may be awash in certain genetic markers that 
are barely present in the primary mass in the 
leg’s soft tissue. A gene might be turned on in 
one person’s breast cancer and switched off 
in another’s. There’s no single antigen that 
shows up on every ovarian cancer cell and 
that can be targeted. 

Another critical difference between 
many blood cancers and solid tumors is the 
milieu. “A tumor is more than just tumor 
cells,” says Charles Sentman, an immunologist 
at Dartmouth College. “Cancer is both a dis- 
ease of transformed cells and a disease of the 
environment.’ In solid tumors, the surround- 
ing tissue is far less hospitable to T cells than 
bone marrow. It’s low in glucose and oxygen. 
It’s very acidic. Nutrients are scarce, gobbled 
up by the tumor. And sometimes the tumor 
itself secretes chemicals that suppress the im- 
mune system. “All those factors tend to turn 
T cells off and make them dysfunctional,” 
says UPenn’s Steven Albelda, who is involved 
in CAR T cell trials for various solid tumors. 


HE AND OTHERS face a Catch-22: The most 
prudent course is often unlikely to be the 
most effective. Earlier trials, although star- 
tlingly successful in blood cancers, put the 
risks of CAR T therapy on vivid display. 
The cells can send the immune system into 
overdrive, a phenomenon known as a “cy- 
tokine storm,” which almost killed young 
Emily. In 2009, a 39-year-old woman with 
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metastatic colon cancer died from respira- 
tory distress after CAR T cell treatment, 
perhaps because the cells clustered in her 
lungs and triggered a cytokine storm. Ear- 
lier this year, three leukemia patients died 
in a CAR T cell trial, possibly because they 
were given a chemotherapy drug on top of 
the T cells. 

Researchers are adopting an ultracautious 
approach for solid tumors, in part because, 
unlike in blood cancers, it’s not clear how 
well the treatment will work and what the 
side effects will be. O’Cearbhaill’s trial and 
many others begin with very low doses of 
T cells. Even though oncologists recognize 
that a single antigen target, like 
CD19, probably won’t be sufficient in 
solid tumors, they’re starting there. 
And although many oncologists 
think the cells work best after pre- 
treating patients with chemo- 
therapy, to kill off other immune 
cells and provide extra space for 
the engineered T cells to flour- 
ish, theyre often not giving 
chemo up front because it further 
compounds risks. 

Ahmed is frustrated by the 
painstaking pace. “Patients are dy- 
ing every minute,” he says, and 
the treatments he’s left with—like 
removing a teenager’s leg—are “me- 
dieval medicine.” But he knows, 
too, that “this is how the rules are. 
You have to test one by one’—one 
antigen at a time, one variable at 
a time, to protect patients, pro- 
tect the field, and be best posi- 
tioned to decipher what works and 
what doesn’t. 

So far, “it hasn’t worked very 
well” Albelda says, sounding 
gloomy. His team recently finished 
two trials in patients with meso- 
thelioma, lung cancer, and pancreatic cancer, 
targeting a protein called mesothelin. The 
therapy seemed safe but, at best, minimally 
effective. “Ithinkalot of people areinthatsame 
boat,” he says. 

But glimmers of effectiveness are occa- 
sionally popping up. One patient with glio- 
blastoma, a particularly deadly form of brain 
cancer, was treated early this year at City of 
Hope in Duarte, California, with 16 infusions 
of CAR T cells delivered into the brain tumor 
cavity and cerebrospinal fluid. Tumors in 
the brain and spine regressed by more than 
75%. The patient remained stable for almost 
8 months before relapsing and is now seek- 
ing other treatments. That response was 
“very exciting,” says Christine Brown, a brain 
tumor immunologist at City of Hope who 
helped design the CAR T cells. 

In a sarcoma trial at Texas Children’s Hos- 
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pital, pediatric oncologist Stephen Gottschalk 
was heartened to see that engineered T cells 
persisted for up to 6 weeks—considered an 
achievement in this setting, even though they 
can hang around for years in people with 
leukemia. One patient’s disease did not ad- 
vance for more than a year, and three other 
patients, whose tumors were removed after 
T cell treatment, have been cancer-free for 
up to 4 years. And that’s with a tiny, “almost 
homeopathic” T cell dose, Gottschalk says. 
For solid tumors that have spread, even 
incremental advances may warrant cheers 
because the alternative is so dismal. “The 
ALL response rates of 90%, those first CAR 


Oncologist Roisin O’Cearbhaill hopes that T cells modified to target ovarian 
cancer will help the women she treats, like this one. 


therapies—I don’t care who’s doing it, you’re 
not going to get 90% of non-small cell lung 
cancer,’ says Richard Morgan, vice presi- 
dent of immunotherapy at bluebird bio, a 
biotech firm in Cambridge, Massachusetts. 
“But the fact is, with metastatic lung cancer, 
if you were able to get a 20% response rate ... 
that is huge.” 


THE NEXT WAVE OF TRIALS may deliver 
more encouragement. Many studies in the 
planning stage or just starting, including 
O’Cearbhaill’s, aim to add extra layers to 
T cell treatment. One strategy is to combine 
CAR T cell therapy with checkpoint inhibitor 
drugs, which could recruit more of a patient’s 
immune cells to assist the engineered ones 
designed to combat cancer. “The merit of 
that approach is it makes use of things that 
are available,’ says Michel Sadelain, a cell 
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therapist also at Sloan Kettering, who treated 
some of the first blood cancer patients. 

A second approach, which Sadelain con- 
siders especially hopeful, is to encourage the 
modified T cells to secrete their own powerful 
molecules. O’Cearbhaill and her colleagues, 
for example, are tinkering with the cells so 
that, in addition to matching up with an anti- 
gen on ovarian cancer cells, they also release 
interleukin-12 (IL-12), which helps T cells 
survive and may coax a patient’s own body 
to make new ones. When infused through 
the whole body, IL-12 can have serious side 
effects. But this trial, like several others, 
starts by injecting the therapy locally. In this 
case, it’s funneled into a woman’s 
peritoneal cavity. 

With life-threatening side effects 
in mind, O’Cearbhaill’s trial, along 
with some others, includes a way to 
halt treatment once it has been de- 
livered. The T cells are modified to 
express a marker that can destroy 
them if patients receive a particu- 
lar antibody therapy—which they 
will if things go awry. 

Running in parallel to clinical 
trials is work in the lab, where 
oncologists are trying to bet- 
ter understand the T cells they 
want to harness and the cancers 
they hope to vanquish. Sadelain 
combs through protein atlases, 
tissue sections, and RNA expres- 
sion data to try to find the very 
best antigens to target. In another 
Sloan Kettering lab, thoracic sur- 
geon Prasad Adusumilli is trying 
to learn what distinguishes the 
T cells that infiltrate a tumor from 
those that don’t, in hopes of re- 
engineering the laggards or iso- 
lating just the cells that excel. 
In Houston, Ahmed is  work- 
ing to establish a “profile” for differ- 
ent solid tumors—essentially the best 
combination of tumor antigens for the T cells 
to target. 

For now, doctors are taking it one pa- 
tient at a time. The woman with ovarian 
cancer left Sloan Kettering 5 days after an 
uneventful treatment. She'll be monitored 
carefully from head to toe, and physicians 
are keeping an especially close watch on her 
eyes, which also express the ovarian cancer 
antigen O’Cearbhaill targeted—and which 
could in theory be damaged by the geneti- 
cally engineered cells. Two more women are 
waiting, their treatment likely to happen 
this fall. Three others have consented to be 
screened for the trial. 

Whatever one thinks of the therapy’s 
prospects, there’s no shortage of patients 
stepping forward to try it. 
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Nanoporous 
fabrics could 


keep you cool 


Engineered polyethylene 
materials are opaque but 
allow heat to radiate 


By Svetlana V. Boriskina 


rom early days when animal skins were 

the season’s fashion until modern times, 

clothes have been typically engineered 

for comfort in cold environments by 

tailoring their thermal conduction. Air 

pockets in feathers, furs, and woolen 
fabrics help reduce thermal conduction and 
keep warmth inside. Cooling, however, is 
much harder to achieve without the use of 
external active devices such as fans, air con- 
ditioners, or wearable thermoelectric coolers. 
The wicking technology used in modern ath- 
letic apparel to enhance convective cooling is 
not ideal for everyday clothes because it only 
works once perspiration begins. On page 1019 
of this issue, Hsu e¢ al. (7) report passive cool- 
ing of an object by a few Celsius degrees by 
simply allowing thermal radiation to pass ef- 
ficiently through a nanoporous fabric. This 
demonstration may make possible wearable 
technologies for personalized cooling and 
paves the way for energy savings by reduced 
use of air conditioning. 

The human body is an almost perfect emit- 
ter of thermal radiation in the mid-infrared 
(IR) spectral range. However, conventional 
fabrics block mid-IR waves by partially re- 
flecting them and partially absorbing the 
thermal energy. The stark variations in the 
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intensity of the thermal emission from the 
bare skin and through clothes can be easily 
observed in photos taken with an IR cam- 
era. Thus, clothes made from fabrics that are 
transparent to the mid-IR radiation emitted 
by the skin offer an opportunity to shed en- 
ergy via thermal emission (2-4). Transparent 
clothes might sound like an odd idea because 
the fabric needs to be opaque in the visible 
range but transparent for mid-IR radiation. 
A simple solution to this dilemma is of- 
fered by the Mie theory of resonant scatter- 
ing from objects with sizes either comparable 
with or much smaller than the wavelength of 
the propagating electromagnetic field. This 
same physical effect causes the blue color of 
the sky caused by the scattering of the short 
wavelength part of the solar spectrum by the 
small molecules of the atmosphere. Likewise, 
fabrics with pore sizes that are comparable on 
average with the wavelength of visible light 
(400 to 700 nm) scatter visible light strongly 
and make the fabric opaque to human eyes. 
However, if the pore sizes are much smaller 
than the body’s mid-IR radiation wavelength 


PW 


Fine hairs covering the body of the Saharan silver ant reflect 


sunlight to avoid overheating. 


(7 to 14 um), such fabrics are still highly 
transparent to the thermal emission (2). 

Hsu et al. used a commercially available 
polyethylene material—nanoporous polyeth- 
ylene (nanoPE), which has interconnected 
pores 50 to 1000 nm in diameter—to experi- 
mentally demonstrate radiative cooling (see 
the photo). Their spectral transmission mea- 
surements revealed that the nanoPE exhibits 
>90% total IR transmittance for wavelengths 
longer than 2 tm but is completely opaque 
in the visible spectrum because of the strong 
scattering off the nanopores. The ideal size 
distribution of the nanopores sets this mate- 
rial apart from conventional fabrics, such as 
those woven from cotton or polyester fibers 
with sizes comparable with the wavelength of 
the body thermal emission. 

Polyethylene is far from being a conven- 
tional material for making clothes, but it has 
another advantage: It is mostly absorption- 
free in the mid-IR spectral range owing to 
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the absence of C-O, C-N, and S=O vibrational 
stretching modes that are typical for other 
textile materials. To increase the fabric com- 
fort, the authors modified the material so as 
to improve its breathability and to add water- 
wicking functionality by chemically modi- 
fying the fabric to be hydrophilic. Clothes 
fabricated from such IR-transparent textile 
could allow for air conditioning setpoints to 
be set higher than usual while maintaining 
the same level of personal thermal comfort. 
Depending on the climate, a 1 to 4 Celsius 
degree increase in the setpoint temperature 
could save up to 45% of the energy required 
for the building’s cooling (5). 

Although Hsu e¢ al. provide the experi- 
mental demonstration of the artificial cool- 
ing fabrics designed for humans, nature 
already offers analogous solutions for the ani- 
mal thermal control. One striking example of 
such natural nanotechnology is the skin hair 
cover of the Saharan silver ant (see the fig- 
ure) (6). The hairs are fine enough to strongly 
scatter and reflect sunlight to avoid overheat- 
ing by absorption. At the same time, they are 
transparent at IR wavelengths for 
shedding heat. Removal of the 
hairs increased the ant tempera- 
ture by a couple of Celsius degrees. 

Much remains to be done to 
bring the radiative cooling tech- 
nology to the clothing market. 
Other materials need to be ex- 
plored or synthesized that would 
provide the required level of mid- 
IR transparency combined with a 
higher level of personal comfort 
and durability. Fabrics woven 
from fine fibers (2) rather than 
those made by introducing nano- 
pores into continuous films can 
open possibilities for using con- 
ventional textile fabrication technologies 
and equipment to facilitate the technology- 
to-market transition. IR-transparent dyes 
and pigments also need to be investigated 
and synthesized to maintain the cooling 
functionality of colored fabrics. However, 
the approach used by Hsu e¢ al. could be 
used to address the thermal management of 
tents, buildings, and vehicles (3, 7, 8) with 
considerable energy savings. 
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CANCER 


Tumors 
set time 


Lung tumors in mice 
distally alter circadian 
cycling of transcripts and 
metabolites in the liver 


By Iryna Shakhmantsir and Amita Sehgal 


he field of cancer research has ex- 

panded from merely observing cancer 

in isolation to studying it as a systemic 

phenomenon. Tumors occupy “envi- 

ronments” where they actively inter- 

act with multiple cellular processes, 
signaling pathways, and homeostatic mecha- 
nisms, such as, according to a recent study 
by Masri et al. (1), circadian rhythms. Tumor- 
secreted molecular messengers (the secre- 
tome) can spread over a range of distances 
and have both short-range and systemic in- 
fluences on normal tissues and organs (2). To 
highlight the systemic effects of the cancer 
secretome, the concept of tumor “macroen- 
vironment” has been coined (3). Masri et al. 
took this “macro” approach to inquire how 
tumors affect circadian cycling in a distal or- 
gan not yet infiltrated by metastasis. 

In their study, Masri et al. used a robust 
mouse model of non-small cell lung cancer 
(NSCLC) induced by concomitant activation 
of a lung-specific Kirsten rat sarcoma (Kras) 
oncogene and deletion of the gene encod- 
ing the classic tumor suppressor p53. Hav- 
ing verified the absence of metastatic lesions 
in the livers of the tumor-bearing mice, the 
authors used standard transcriptomic and 
metabolomic analyses to evaluate hepatic 
circadian profiles in these mice and com- 
pared them to those of healthy mice. They 
demonstrated that lung adenocarcinomas 
had a potent distal effect on the profiles of 
circadian transcripts and metabolites in the 
liver. Specifically, the presence of lung tumors 
affected the types of genes oscillating in the 
liver. And in many of the subsets of genes 
and metabolites that continued to cycle in 
both normal and tumor-bearing mice, lung 
adenocarcinomas altered the phase of peak 
expression. Notably, the number of oscillat- 
ing lipids was reduced in the livers of tumor- 
bearing mice. To further contextualize this 
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tumor-induced metabolic phenotype, Masri 
et al. demonstrated that mice with lung tu- 
mors had overactivated the energy sensor 
AMP-activated protein kinase (AMPK) and 
decreased sterol-regulatory element-binding 
protein 1 (SREBP1) signaling, which is driven 
by circadian rhythms and regulates lipid me- 
tabolism, in their livers. These aberrations 
could account for the suppression of fatty 
acid synthesis and induction of cholesterol 
biosynthesis observed in the livers of mice 
with lung tumors. 

The finding that cancer signals can di- 
rectly affect transcriptional and metabolic 
oscillations in a distal organ raises the ques- 
tion about the systemic signals that mediate 
this coupling. When profiling serum cyto- 
kine concentrations to assess tumor-derived 
inflammatory signals, Masri et al. identified 
a substantial increase in the production of 
interleukin-6 (IL-6) cytokine, corroborat- 
ing previous reports that implicated IL-6 
signaling in Kras-induced tumorigenesis (4, 
5). The authors note that elevated amounts 
of signal transducer and activator of tran- 
scription 3 (STAT3), an IL-6-responsive 
transcription factor, could potentially con- 
tribute to the decreased insulin signaling in 
the liver and elevated fasting serum glucose 
concentrations seen in the mice with lung 
tumors. Deleterious health consequences of 


this metabolic phenotype are suggested by 
the association of reduced plasma glucose 
concentrations in tumor-bearing animals 
with longer survival rates (6, 7). In agree- 
ment with findings in mice, human studies 
suggest that NSCLC patients with elevated 
fasting blood glucose have a higher mortal- 
ity risk compared to patients with normal 
glucose concentrations (8). 

The role of the circadian clock in regulat- 
ing the hepatic macroenvironment of the 
tumor-bearing mice is debatable. Evidently, 
Kras-induced lung cancer can distally re- 
program circadian transcription and me- 
tabolism in the liver, but the cause-effect 
relationship is unclear: Does clock disruption 
cause the reported metabolic phenotypes, or 
does the deregulated metabolism affect cir- 
cadian cycling (see the figure)? The latter 
might be a plausible hypothesis, given that 
all the core clock components maintained 
their normal expression and circadian cy- 
cling in the livers of mice with lung adeno- 
carcinomas. However, given that their livers 
display cyclic expression of some genes that 
do not cycle in wild-type livers, it is likely that 
output from the clock is affected, perhaps in 
addition to direct impact on some metabolic 
genes. Further studies are needed to address 
how the cycling of the hepatic transcriptome 
and metabolome gets reprogrammed under 


Remote control 


Lung adenocarcinoma (right) releases systemic inflammatory cytokines, such as IL-6, that can act distally to 
reprogram the circadian transcriptome and metabolome in the liver. It remains to be determined how IL-6 can 
globally rewire hepatic circadian outputs without affecting the ticking of the core circadian clock. 
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the influence of lung adenocarcinoma, given 
the seemingly flawless ticking of the core cir- 
cadian clock in the liver. 

Of note, circadian clock disruptions have 
been previously associated with an imbal- 
ance in metabolic homeostasis, which can 
contribute to a number of pathologies, par- 
ticularly cancer (9). Cancer progression is an 
energetically demanding process with unique 
metabolic requirements. Thus, there might 
exist a reciprocal relationship between the 
tumor-induced circadian phenotype and the 
primary oncogenic lesion. It remains to be 
determined whether rewiring of hepatic cir- 
cadian outputs can act as a sensitizing factor 
to precipitate or exacerbate tumorigenesis. 
Intriguingly, epidemiological data indicate a 
correlation between chronic circadian mis- 
alignment, particularly that experienced by 
shift-workers and night nurses, and a higher 
incidence of cancer (10). Mouse models with 
clock disruptions, by contrast, have yielded 
mixed results, cautioning against concluding 
that it is the “broken” clocks as opposed to 
noncircadian roles of core clock genes that 
promote tumorigenesis (17). 

Could a forced circadian synchronization 
prolong survival and halt metastasis in mice 
(and humans) with lung tumors? Temporal 
restricted feeding is a potent circadian or- 
ganizer for hepatic clocks (72). Even mice 
with disrupted clock genes can synchronize 
their clocks when subjected to a structured 
timed-meal regimen. Moreover, temporal 
restricted feeding in mice can apparently 
slow tumor growth and improve cancer 
prognosis (13). Considering the therapeutic 
promise of these observations, it is tempt- 
ing to hypothesize that feeding-induced 
clock entrainment in the livers of tumor- 
bearing mice could slow the progression of 
their lung adenocarcinomas. 

Collectively, a zoomed-out macro view 
encourages a more integrated notion of can- 
cer. Masri et al. add a circadian dimension 
to the concept of tumor macroenvironment, 
which could contribute to the development 
of novel therapeutic strategies to manage 
cancer systemically. & 
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CLIMATE CHANGE 


Effects of a warming Arctic 


It remains unclear to what extent the warming Arctic 
affects climate and weather extremes at lower latitudes 


By Theodore G. Shepherd 


ecent years have seen a series of 
unusually cold winters in northern 
mid-latitudes, including the eastern 
United States, where they have been 
accompanied by extremely heavy 
snowfalls. Some atmospheric sci- 
entists have argued that such cold events 
may be associated with the rapid warming 
of the Arctic that has been observed over 
recent decades and that is manifested in 
the precipitous decline of Arctic sea-ice 
extent since the early 1990s. Others have 
argued that the cold events merely reflect 
the chaotic variability of the climate 
system and are becoming less likely 
under climate change. How can dif- 
ferent atmospheric scientists come 
to such different conclusions from 
the same data? 
On basic thermodynamic 
grounds, climate change is ex- 
pected to raise winter surface 


Cold snap. Schematic of the weather 
situation on 26 January 2015, when winter 
storm Juno hit Boston. The edge of the 
tropospheric polar vortex separates cold 
Arctic air and warmer mid-latitude air. A wavier 
vortex leads to enhanced transport of cold air 

to lower latitudes and of warm air into the Arctic. 
It remains unclear whether such wavier states may 
become more common under climate change. 
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North America 


temperatures over land, with an amplified 
warming in the Arctic. This is what is seen 
in observations over sufficiently long peri- 
ods. All else being equal, this would lead 
not only to fewer cold events but also to 
less variability in surface temperature as a 
result of the reduced latitudinal tempera- 
ture gradient, although heavy snowfalls 
could increase due to the moister atmo- 
sphere (1). Arguments for more frequent 
cold events thus rely on a change in atmo- 


Tropospheric 
polar vortex 


Cold air 
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During winter storm Juno, several U.S. states declared 
snow emergencies. The photo shows South End, 
Boston, during the storm. 


spheric dynamics, and here the scientific 
understanding is very poor (2). Various 
mechanisms have been proposed, but they 
represent hypotheses rather than predic- 
tive theories (3). 

Weather systems provide most of the 
heat transport from mid- to high latitudes 
during winter. In some years, a strong 
tropospheric polar vortex inhibits the ex- 
change of air masses between the Arctic 
and mid-latitudes. In other years, a weaker 
and wavier polar vortex enhances the ex- 
change, leading to mid-latitude cold spells 
and a warmer Arctic (see the first figure). 
An increased tendency for the latter state 
results in a trend toward cold continents 
and a warm Arctic, although North Amer- 
ica and Eurasia can vary independently. 
Such a trend is seen in recent decades, with 
a cooling tendency over the eastern United 
States and, especially, central Asia and an 
accelerated warming of the Arctic com- 
pared with that seen over the past 50 years 
(see the second figure). 

Given the uncertainties surrounding 
dynamical aspects of climate change, a 
reasonable null hypothesis would be that 
climate change is dominated by its ther- 
modynamic aspects. The unusual behavior 
seen in recent decades would then reflect 
natural variability. The contrary hypothesis 
is that the accelerated warming of the Arc- 
tic is part of the climate-change signal and 
has changed the weather patterns in mid- 
latitudes through changes in the tropo- 
spheric polar vortex. Such a hypothesis is 
not far-fetched: There are general grounds 
for expecting that the dynamical response 
to climate change will resemble the modes 
of internal variability (4). Unfortunately, 
this expectation makes it difficult to sep- 
arate the signal from the noise, because 
they have similar spatial patterns. 

One aspect of the scientific de- 
bate has focused on whether the 
observed changes associated with 
particular hypotheses are statis- 
tically significant. This is rather 
beside the point, because the 
definition of statistical signifi- 
cance is arbitrary (5). A lack of 
statistical significance does not 
mean that the effect is not there, 
and a positive finding does not 
imply any attribution to climate 
change. It is also extremely chal- 
lenging to accurately characterize the 
low-frequency noise from the limited 
observational record. A deeper difficulty 
in any such analysis is that correlation does 
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not imply causality. Kretschmer et al. (6) 
recently used the concept of causal effect 
networks to overcome this limitation. They 
found that a loss of Barents/Kara sea ice 
(which induces local warming) can indeed 
be considered a causal driver of a weak- 
ened tropospheric polar vortex. 

Another aspect of the debate has focused 
on what numerical models predict. Many 
studies have attempted to model the re- 
sponse of the mid-latitude circulation to 
Arctic warming, usually induced through 
reduced sea-ice extent. The results have 
generally been inconclusive, showing only 
that the answer depends sensitively on the 
model setup. The only result that seems to 
consistently emerge is a cooling in central 
Asia (much as seen in recent decades; see 
the second figure) resulting from loss of 
Barents/Kara sea ice (7). This result can 
be understood in terms of the circulation 
response to a local warming. It matches 
the observationally determined causal rela- 
tionship (6) and could account for the at- 
tribution of the observed increase in cold 
extremes in central Asia to circulation 
changes (8). 

Comprehensive climate models do not pro- 
vide any indication of increased wintertime 
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cold events in northern mid-latitudes in re- 
sponse to climate change, suggesting that any 
such tendency arising from Arctic warming 
Cif it exists) is overwhelmed by other factors. 
However, it remains unclear whether the 
models represent the relevant physical pro- 
cesses in a sufficiently accurate way for the 
results to be considered as definitive. Mod- 
els with stronger Arctic warming have a ten- 
dency toward surface pressure increases over 
northern Eurasia (9), broadly consistent with 
the results reported by Kretschmer et ail. (6) 
and Mori et al. (7). 

Given the current model projections and 
the impossibility of ruling out natural vari- 
ability as the explanation for the observed be- 
havior in recent decades, the null hypothesis 
is certainly a scientifically defensible position 
(10). However, multiple lines of evidence sup- 
port the hypothesis of an Arctic—mid-latitude 
connection in central Asia, although not in 
the eastern United States. Moreover, the ei- 
ther/or dichotomy between a forced response 
to climate change and natural variability is 
overly simplistic. For example, the meanders 
in the tropospheric polar vortex induced by 
teleconnections from Pacific sea surface tem- 
perature variations can be expected to be 
larger if the vortex is weaker. Thus, it is pos- 
sible that variability and the forced response 
to climate change act together to affect ex- 
treme weather. 


The question is not whether Arctic 
changes are affecting mid-latitudes but 
rather how and by how much. Framing 
studies in this way will avoid polarization 
and aid progress. It is encouraging to see 
recent collaborations between scientists 
from what might be considered opposing 
camps (11); this sort of productive interac- 
tion will move the science, and with it the 
public discourse, forward. | 
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A matter of time 


Over the past 50 years, average winter temperatures (December, January, and February) show the warming over land and enhanced warming over the Arctic expected 
from climate change. Departures from this behavior in the past 25 years may be due to natural variability, an altered climate-change response caused by sea ice declines, 
or acombination of the two. Data and graphics from (12). 
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STEM CELLS 


Induced pluripotent stem 
cells, past and future 


Ten years ago, a method to reprogram cells to a pluripotent 
state changed biomedical research 


By Eirini P. Papapetrou 


en years ago, Shinya Yamanaka and 

his student Kazutoshi Takahashi did 

an experiment of exquisite simplicity 

and elegance that changed biomedical 

research forever (7). By showing that a 

set of transcription factors could re- 
program somatic cells to acquire a pluripo- 
tent stem cell state, they ushered in the era 
of induced pluripotent stem cells (iPSCs). 
The discovery made it crystal clear that cell 
identity is much more malleable than previ- 
ously thought, and provided an invaluable 
tool for disease-oriented and translational 
researchers, bridging reductionism with 
patient-derived relevance. Combined with 
other maturing technologies, most notably 
genome editing and three-dimensional (3D) 
cell culture systems, iPSC technology has 
enabled investigation that was hitherto only 
possible in model organisms (2, 3). 


THE PAST 

The Takahashi and Yamanaka report took 
the stem cell community by storm. The first 
years were marked by studies published at 
a remarkable pace by researchers primar- 
ily from the stem cell, developmental bi- 
ology, and genetic engineering fields who 
jointly contributed to milestones and con- 
troversies that have ultimately shaped our 
current—and still very incomplete—under- 
standing of what iPSCs are and how repro- 
gramming works. 


Milestones of the first decade 

Technical achievements were reached, 
proofs of principle in disease models were 
established, and biological insights into 
reprogramming with transcription factors 
were gained precipitously over the past 
decade. The methods of reprogramming 
cells to pluripotency evolved from using 
integrating retroviral vectors and excisable 
lentiviral and transposon-based vehicles, to 
nonintegrating episomes and RNA-based 
systems (Sendai virus vectors and messen- 
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ger RNA transfection). Thus far, methods 
based solely on protein transduction or 
chemical compounds have been only par- 
tially successful. The stoichiometric and 
kinetic requirements for expressing the key 
transcription factors [octamer-binding tran- 
scription factor 4 (OCT4), sex determining 
region Y-box 2 (SOX2), Kruppel-like factor 
4 (KLF4), and cellular myelocytomatosis 
(cMYC)] were determined, as were alterna- 
tive combinations of these factors and other 
factors or compounds as reprogramming 
“enhancers” (4). As the cell types that could 
be reprogrammed quickly expanded, it be- 
came clear that transcription factor repro- 
gramming to pluripotency is a robust and 
universal process that works with nearly 
any cell type from any species. An array of 
disease-specific iPSCs were derived from pa- 
tients, and proof-of-concept for their use in 


“..LPSCs and the CRISPR- 
Cas9 system ‘democratized’ 
stem cell modeling and 
genome editing...” 


disease modeling, drug testing, and regen- 
erative medicine by means of cell therapy 
(which can also be combined with gene 
therapy) was achieved (5, 6). 

How reprogramming works at the molec- 
ular level has been, not surprisingly, a harder 
problem to crack. Models of transcription 
factor reprogramming provided some evi- 
dence for both stochastic and deterministic 
components, potentially occurring at dis- 
tinct phases of the process. Intermediate 
steps were described that may involve the 
“pioneer” binding of transcription factors to 
closed chromatin, a balancing act between 
opposing actions of lineage-specifying fac- 
tors and/or a reversal of normal develop- 
ment, ultimately mediating the silencing 
of somatic genes and the activation of an 
endogenous network of pluripotency regu- 
lators, thereafter establishing a remarkably 
stable new cell identity (4). However, a clear 
picture of the critical events and a consen- 
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sus universal model of transcription factor 
reprogramming remain largely elusive. 


Controversies of the first decade 

Along with important milestones came a se- 
ries of controversial issues that quickly cap- 
tured the imagination of the scientific and 
lay communities, as they provided grounds 
for questioning the value of iPSCs as sources 
for cell therapies and disease modeling. For- 
tunately, most of the initial concerns turned 
out to be based either on artifacts or on much 
more nuanced phenomena, rather than prob- 
lems intrinsic to iPSCs (7). The idea of epigen- 
etic memory arose from the finding that at 
an early stage of cell cultivation, iPSCs harbor 
DNA methylation remnants and exhibit dif- 
ferentiation propensities biased towards their 
cell of origin. This was later proven to be due 
mostly to incomplete reprogramming as a re- 
sult of poor technique or early passage in cell 
culture. The idea that iPSCs may have more 
unstable genomes than other cells arose from 
the discovery of copy-number and single- 
nucleotide variants in iPSC lines (which are 
typically clonal) at a higher frequency com- 
pared to the donor tissue (which is typically 
highly polyclonal). These initial observations 
were later largely attributed to detection 
limits, as most genetic aberrations found in 
iPSCs could be shown, with sensitive meth- 
ods, to preexist in the cell of origin (most 
human somatic tissues are highly genetically 
mosaic), and to have been merely captured 
and clonally amplified. Additional genomic 
variation was found to occur during cell ex- 
pansion, as happens with all cultured cells. 
Concerns that iPSCs have immunogenic 
properties that could lead to their rejection, 
even in an autologous setting, turned out to 
be based on heavily context-dependent ob- 
servations, while immune tolerance of iPSCs 
and their derivatives turned out to be, not 
surprisingly, dependent on multiple param- 
eters related to the quality of the starting 
cell and the final cell product. Concerns that 
variability between iPSC lines—epigenetic, 
transcriptional, or in differentiation poten- 
tial—could pose a serious impediment to 
their use were eased by conclusive evidence 
that most of the variability is neither ran- 
dom nor intractable, but stems from differ- 
ences in genetic background (as iPSC lines 
are as genetically diverse as people and 
certainly much less so than inbred mice). 
The iPSC line-to-line variability is also not 
higher than that observed among the gold- 
standard embryonic stem cell (ESC) lines, 
derived either from blastocysts or by so- 
matic cell nuclear transfer (SCNT). 


THE FUTURE 
Whereas iPSCs can contribute to break- 
throughs in all fields, some areas in which 
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iPSCs can be uniquely useful over other 
models include disease modeling, drug de- 
velopment, regenerative medicine, and un- 
derstanding gene regulation (see the figure). 


Disease modeling 

The first disease modeling studies mostly 
focused on well-characterized, monogenic 
diseases and established the principle that 
iPSCs derived from patients could reca- 
pitulate disease manifestations already 
suspected or known from previous studies 
using other disease models. A next wave 
of studies started tackling polygenic and 
more complex disorders, including psy- 
chiatric diseases, infectious diseases, and 
cancer, and also started to examine the role 
of human genetic variation (8). The next 
frontier is turning disease-specific iPSCs 
into a true tool for primary discovery. Be- 
cause of the compelling strengths and 
new opportunities they provide, iPSCs are 
expected to become what mouse models 
have been in the past two to three decades. 
A collection of iPSC models for practically 
any disease and any disease-related gene 
mutation—also leveraging genome editing 
technologies, mainly the clustered regu- 
larly interspaced short palindromic repeats 
(CRISPR)-Cas9 system—will be steadily 
assembled over the next few years. These 
cell models will also be increasingly used 
in conjunction with other emerging tech- 
nologies, including organoids and other 
3D culture systems, organs-on-chips, and 
xenografts. These approaches will also 
likely leverage advances from fields such 
as synthetic biology and bioengineering 
to increasingly afford multicellularity, and 
more physiological modeling of healthy 
and diseased human tissue at a higher level 
of organization. 

Building collective experience in the 
scientific community in the strengths and 
weaknesses of iPSC disease models, and in- 
creasing confidence in their readouts, will 
benefit from lessons in the mouse model- 
ing field. iPSC disease models will only be 
as good as the iPSC lines and the differen- 
tiated cells made from them, and readouts 
will only be as relevant and predictive as the 
surrogate cellular phenotypes. Careful char- 
acterization of disease iPSC lines is there- 
fore imperative, as is their maintenance, 
authentication, and _ distribution—which 
would be best handled by dedicated reposi- 
tories. It will also be important to strike the 
right balance between studying a few well- 
validated lines and still capturing enough 
of the genetic diversity of the disease under 
study. Although the need for high-quality 
well-characterized iPSC lines and standard- 
ized differentiation procedures is broadly 
recognized, a less widely discussed issue is 
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New frontiers in iPSC research 


Collections of iPSC lines and diverse differentiated cell types derived from them can be assembled in 


repositories and used for multiple purposes. 


Patients with one specific disease 


Da aD aan 4 


Patients with 
representative 
genotypes (blue) 


Somatic cells are 

reprogrammed é 

to iPSCs and then rane 
differentiated 

Collections 

of iPSC lines 

and iPSC- 


derived 
cell types 


Drug Disease 
development modeling 

iPSCs used to Disease-specific 
conduct “clinical iPSCs used as a tool 
trials in a dish” for discovery, 


replacing mouse 
models 


what constitutes a disease-relevant pheno- 
type and how one can determine for what 
organismal phenotype a cellular phenotype 
observed in an iPSC disease model can serve 
as a surrogate. This is of utmost importance 
as human diseases typically manifest with 
diverse clinical symptoms and signs that 
are linked to the underlying pathogenic 
processes with varying degrees of related- 
ness and causality. 


Drug development 

Apart from serving as tools to discover new 
mechanisms of disease and new therapeu- 
tic targets, iPSCs will occupy increasingly 
more central roles in drug development, in- 
cluding candidate drug testing, compound 
screening, drug repurposing, and toxicity 
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testing. Collections of iPSCs that capture a 
range of diseases and genotypes can be used 
to conduct “clinical trials in a dish” to dis- 
cover biomarkers of response, while pheno- 
type-based screens empowered by isogenic 
controls can provide a road to drug discov- 
ery in diseases with no known molecular 
targets. Candidate drug testing and high- 
throughput screening in iPSC-derived cells 
from patients with neurological disorders, 
such as amyotrophic lateral sclerosis (ALS) 
and familial dysautonomia, have already 
produced promising compounds, which are 
making their way to clinical trials (9, 70). 
In parallel, the ability to generate multiple 
normal tissues from the same initial cells 
offers well-defined conditions for toxicol- 
ogy studies (1). 
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Regenerative medicine 

The idea of regenerating humans by replac- 
ing damaged organs and tissues with brand- 
new ones has fascinated scientists and the 
public alike for years and is feeding into most 
of the hype around stem cells. Initial aspira- 
tions that stem, progenitor, and precursor 
cells administered to an animal or human 
will find the cues needed to home to the right 
place, integrate harmoniously with the envi- 
ronment, and functionally benefit the host 
organism have proved to be overly optimis- 
tic [with the sole exception of hematopoietic 
stem cells (HSCs)], and it is now obvious that 
all of these requirements are major obstacles 
that stand in the way of translating stem cell 
research into cell therapies. The diseases 
that will be in line for clinical trials using 
cells derived from human pluripotent stem 
cells (hPSCs, including iPSCs and ESCs) is by 
and large determined by two questions: (i) 
What cells can be made from hPSCs in vitro 
with sufficient yield and functionality; and 
(ii) is there a disease that can be treated with 
these hPSC-derived cells with a reasonable 
chance of success and acceptable risk to pa- 
tients? By these criteria, eye diseases gained 
priority and the first clinical trial using iPSC- 
derived retinal pigment epithelial cells to 
treat macular degeneration started patient 
enrollment in 2014 in Japan. The next candi- 
dates approaching the clinic include Parkin- 
son’s disease, spinal cord trauma, diabetes, 
and myocardial infarction. Although hPSC- 
derived HSC therapies are not currently on 
the horizon because of the inability to gen- 
erate transplantable HSCs from hPSCs, a 
single breakthrough may catapult them to 
the finish line, owing to the ease of adminis- 
tration and the long clinical experience with 
HSC transplantation. 

Apart from scientific advances in cell 
and tissue engineering, a paramount task 
for moving the field forward is establish- 
ing guidelines on what tests and thresholds 
should be used to determine quality and 
safety of iPSC-derived cell products. The first 
iPSC clinical trial was halted 1 year later, after 
the safety of a patient-derived iPSC line could 
not be firmly established because the effects 
of two mutations found by next-generation 
sequencing could not be determined. 

A major decision is whether to pursue 
iPSC-derived cell therapies in an autologous 
or allogeneic setting. As both approaches 
have obvious pros and cons, it is likely that 
this decision will be made on a case-by-case 
basis. Different tissues have less or more 
stringent requirements for tissue match- 
ing, as experience from solid organ trans- 
plantation has shown. The acceptable level 
of immunosuppression and the alignment 
of cell preparation with treatment time- 
lines depend on the underlying condition. 
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Cell therapies will also be influenced by the 
present and future status of good manufac- 
turing practice capabilities that will largely 
determine the financial sustainability, scal- 
ability, and time scales of cell manufactur- 
ing. For acute life-threatening conditions, 
an immediately available off-the-shelf treat- 
ment may be a more viable option. The 
development of banks of iPSC lines homo- 
zygous for major histocompatibility com- 
plex antigens or even universal donor lines 
that can potentially be engineered through 
genome editing could provide histocompat- 
ible cells that a large number of patients 
can accept without mounting an immune 
response. For patients requiring repeated 
cell administration, such as blood product 
transfusions or enzyme replacement thera- 
pies, and who often become sensitized to 
major and minor antigens, autologous ther- 
apies might be both more efficacious and 
cost-effective. iPSC products may be trans- 
planted, at increasing levels of complexity, 


“The next frontier is turning 
disease-specific iPSCs into 
a true tool for primary 
discovery.” 


as cells in suspension, 2D sheets, 3D tissues, 
or even entire organs. The latter could well 
be generated entirely in vitro or in xenoge- 
neic conditions in large animal chimeras. 


Gene regulation 
The success of transcription factor repro- 
gramming could not have been predicted 
and cannot be explained with current mod- 
els of gene regulation, which is why the 
mere fact that it worked ten years ago was 
originally met with so much disbelief and 
awe. The “Yamanaka experiment” required 
a leap of faith, as the only evidence at the 
time supporting the rewiring of a somatic 
cell nucleus to pluripotency were nuclear 
transplantation and cell fusion experiments 
and a few transcription factor-mediated 
cell fate conversions (notably the conversion 
of fibroblasts to muscle by the transcrip- 
tion factor MyoD). These were viewed as 
isolated oddities. Although it is now a well- 
established phenomenon that combinations 
of only few key transcription factors can 
induce dramatic cell fate changes (includ- 
ing transitions across somatic cell lineages 
without going through a pluripotent state), 
how and why this happens remains as much 
of a mystery as it was 10 years ago. 

It is entirely possible that current models 
of gene regulation are missing some funda- 
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mental functionality of the genome and/or 
action of transcription factors. Revised mod- 
els that are built upon new insights into how 
gene expression programs and cell identity 
are established may be needed to explain cell 
fate transitions. New experimental systems 
that accommodate reprogramming with high 
efficiency and similar kinetics will be needed 
to address these questions, preferably in hu- 
man cells. Interdisciplinary approaches that 
combine single-cell analysis and systems bi- 
ology methodologies are also part of this next 
frontier. Breakthroughs in understanding the 
molecular mechanisms of transcription fac- 
tor reprogramming may ultimately lead to 
processes that generate iPSCs of the highest 
possible quality. 

Two highly synergistic technologies in the 
past decade, iPSCs and the CRISPR-Cas9 
system “democratized” stem cell modeling 
and genome editing, respectively, by mak- 
ing them widely accessible to the scientific 
community. Their convergence, together 
with the recent avalanche of human ge- 
nome sequencing data, is revolutionizing 
the study and treatment of human disease. 
iPSCs are poised to play a central role in a 
shift that is already underway in the use of 
primary human patient material from late- 
stage validation studies to the front line of 
biomedical discovery. As iPSCs will be put 
to use in increasingly diverse scientific ques- 
tions and applications, it will be important 
for all stakeholders to manage the expecta- 
tions of scientists, patients, and the public, 
and to provide safeguards on the one hand 
without impeding progress on the other. 
As iPSC-based therapies move to the clinic, 
lessons from other related fields should be 
remembered: the boldness of the HSC trans- 
plantation field (in severe cases where this 
is justified) that pushed the boundaries of 
clinical practice beyond scientific knowl- 
edge of the time; the caution of the chime- 
ric antigen receptor (CAR) T cell field that, 
through engineering of T cells and adoptive 
cell transfer achieved so much in treating 
cancers with few fatalities; and the lesson 
from the gene therapy field that safety can- 
not be ascertained until therapeutic levels of 
the administered cell product are reached. 
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Tensions of refugee politics in Europe 


Electoral, welfare-state, and demographic politics are obstacles to refugees 


By Randall Hansen! and Shalini Randeria”* 


lobally, there are at least 65 million 

displaced persons, made up of 41 

million internally displaced persons 

(those fleeing violence and/or perse- 

cution within their state’s borders), 21 

million refugees (those fleeing perse- 
cution beyond those borders), and 3 million 
asylum seekers (7). Europe is not bearing the 
main brunt of the refugee crisis. Roughly 85% 
of the world’s refugees today are in the global 
South, and half of them are in countries with 
a per capita Gross Domestic Product of less 
than U.S. $5000 (2). The continent is none- 
theless in the center of a political and social 
storm from the roughly 1,255,600 people who 
applied for asylum in the European Union 
(EU) in 2015 (3). 

We are now witnessing a battle over the 
control of European borders, or lack thereof, 
and the distribution of refugees within the 
EU member states that is transforming the 
very political and economic structures of 
the EU. Divisions have emerged not simply 
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between the former communist Eastern Eu- 
rope and the liberal democracies of Western 
Europe or between the indebted southern 
European countries and the more prosper- 
ous northern ones. Rather, there is a divide 
within every European country, in Poland 
and Hungary as much as in France, Swit- 
zerland, Germany, and the Netherlands. It 
is an urban-rural divide in every country: a 
division between liberal, cosmopolitan elites 
and supporters of nativist right-wing popu- 
list ideologies. 

An open-door policy for refugees retains 
support in some quarters, such as universi- 
ties and businesses, but overall, there is frus- 
tration with the EU’s approach to refugees 
(4). Large majorities, at times >90% of the 
national population, are strongly critical of 
the EU’s handling of the crisis [on business 
support, see (5)]. Viktor Orban, the Hungar- 
ian prime minister, has used the refugee 
crisis to mount what he calls a defense of 
“Christian civilization,’ while explicitly re- 
pudiating liberal principles (6). 

In Germany, the new far-right party, the 
Alternative for Germany, enjoys increasing 
popularity because of its opposition to refu- 
gees and its anti-Islamic stance. In France, 
the National Front’s Marine Le Pen currently 
has between 26 and 30% support in the opin- 
ion polls (7). In Italy, Switzerland, Slovakia, 
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Hungary, and Poland, extreme-right parties, 
claiming to speak on behalf of national ma- 
jorities ignored by pro-European elites, have 
gained between 20 and 45% of the popular 
vote (8) (see the figure). 

The EU, which has for years had a com- 
mon asylum policy, proved inadequate to 
manage the influx of refugees. The Dublin 
system, under which asylum-seekers’ appli- 
cations must be processed in the first Euro- 
pean country of their arrival, broke down not 
only under Germany’s decision to waive the 
requirement but also under the sheer weight 
of numbers and Hungary’s hostility to refu- 
gees, whom it did not permit to cross its bor- 
ders. The Schengen system of uncontrolled 
borders allowing free movement through Eu- 
rope came under severe strain, as one coun- 
try after another introduced border controls. 
A cross-EU resettlement scheme for 160,000 
refugees failed because of member-state in- 
transigence and refugees’ desire to move to 
northern Europe: As of May, only 1324 refu- 
gees living in Greece were processed for re- 
settlement (9). In March 2016, Austria, the 
Czech Republic, Slovakia, Croatia, Serbia, 
and Macedonia agreed to seal their borders, 
effectively closing the Balkan route and caus- 
ing a huge backlog of refugees stranded in 
Greece. Meanwhile, opposition to refugees 
and far-right, anti-Islamic advocacy grew 
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Supporters of anti-immigrant activists and national- 
ists in Warsaw, Poland, 12 September 2015, march to 
protest against the Polish government's decision to 
accept migrants from Syria and North Africa. 


(4). Far from ameliorating the crisis, the EU’s 
inactivity made it worse. 

Following this failure, the EU Commis- 
sion proposed on 13 July 2016 a “Common 
European Asylum System” (0). The empha- 
sis is on control: speeding up processing by 
quickly rejecting “manifestly unfounded” 
cases; limiting secondary movements (apply- 
ing in, for instance, Poland then moving on 
to Germany); expanding temporary protec- 
tion (returning refugees when home country 
conditions improve); and making social as- 
sistance conditional on integration courses. 
On the refugee rights side, the proposal urges 
common standards (free legal assistance and 
a right to an interview and legal represen- 
tation), an obligation to take home country 
information into account when processing 
refugee applications, and quicker access to 
the labor market. These are only proposals: 
The Council (the EU’s executive) would have 
to adopt them. However, member states will 
continue to guard their sovereignty and will 
remain the key players. 


POLITICS AND PARADOX 

The story of Europe is partly one of popu- 
lists offering simple solutions to complex 
problems. But there is more to it than this: 
A liberal, humanitarian approach to the cri- 
sis would have Europe accept at least its fair 
share of refugees. Given its wealth and size 
this would be between 5 and 10 million, or 
25 to 50% of the world’s refugees. However, 
in all democracies the world over—with the 
notable exception of Canada—a majority of 
voters want fewer foreigners and/or immi- 
grants. Most politicians fearful of their jobs 
opt to go with the democratic will that stands 
in opposition to liberal principles. Interna- 
tional treaties that have been signed, such 
as the Human Rights Convention, are being 
pushed aside in attempting to placate demo- 
cratic majorities. 

With their coordinated and training-based 
economies and robust welfare states, Scan- 
dinavia, Switzerland, Germany, and Austria 
face particular challenges in accepting refu- 
gees. Most professions in these countries 
require extensive training in the form of a 
3-year apprenticeship. Individuals with in- 
adequate language skills face enormous chal- 
lenges in securing apprenticeships and thus 
qualifying for even low-skilled jobs, such as 
in sales, which are defined as professions. At 
the same time, relatively generous income 
support levels in northern Europe—plus free 
health care and subsidized accommodation— 
can discourage low-wage employment when 
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that employment pays less than social sup- 
port (12). By contrast, the United States and 
Canada have dynamic labor markets, less 
demand for apprenticeship, and very low 
income support in times of unemployment 
(12-14). As a result, migrants to Europe inte- 
grate too often into welfare, whereas those in 
North America integrate into work (5). 

An obvious means to tackling the welfare 
challenge is reducing income support for 
refugees while allowing the market to de- 
termine their wages. However, social dem- 
ocrats, who support immigration and are 
more welcoming toward refugees are reso- 
lutely opposed to lower income-support lev- 
els on grounds of equality and social justice. 
The economic consequences are obvious: 
Low-skilled immigrants with poor language 
skills will not secure scarce apprenticeships, 
whereas benefits act as a disincentive to se- 
curing low-wage employment. Paradoxically, 
low wages and good welfare are acting as 
stumbling blocks to assimilating refugees. 
Mainstream conservative politicians are 
much more willing to countenance the la- 
bor market and welfare reforms that would 
accommodate unskilled immigration. But 
unlike social democrats, conservatives have 
been opposed to easy or early naturalization, 
and they reject dual citizenship. 

All things being equal, aging and shrink- 
ing populations should lead Europeans to 
welcome young foreigners, be they refugees 
or migrants, who could relieve shortages 
in the labor market and shore up depleted 
state pension funds through their tax con- 
tributions. Rather than elation at a possible 
demographic dividend, conservative Euro- 
pean politicians and the popular press have 
generated a demographic panic, a “fear of 
small numbers“ (16): of being overwhelmed 
by foreigners and of a loss of national iden- 
tity (17). The resentment felt by those who 
perceive themselves as “threatened majori- 
ties” defines the debate on who belongs to 
the political community, which is understood 
in narrow ethnic-religious terms. Hungarian 
Prime Minister Orban plays upon these fears, 
along with a much older anti-Islamic senti- 
ment common in southeastern Europe, when 
he raises the specter of a Christian Europe 
overrun by an “invasion” of Muslims (17). In 8 
of 10 countries recently surveyed (78), at least 
half the people believe that there is a greater 
likelihood of terrorism because of the incom- 
ing refugees (18). Public perceptions rather 
than facts rule the day: Although Hungary 
has hardly accepted any refugees in the past 
or present, 82% of Hungarians believe that 
refugees were taking their jobs and benefits. 

Given current demographic trends, we 
believe Europe needs more migration. The 
constraints we have described, however, 
make this seemingly realistic goal elusive. 
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To begin with, the EU and its member states 
must be seen to be in control of their external 
borders; when publics believe the state has 
lost control of its borders, opposition to im- 
migration grows, often sharply. In the EU, the 
proposal for common standards for granting 
asylum and speedier labor market access for 
refugees should be adopted. Moving forward, 
EU member states should agree to accept a 
certain number of refugees directly from the 
Middle East, obviating the need to depend on 
Turkey to stem the flow of refugees. It should 
increase development aid and target it at 
nationals and refugees in the global South, 
where most of the world’s refugees are cur- 
rently housed. Its new policy (19) of making 
development aid to African countries contin- 
gent on their imposition of migration con- 
trols at their own borders is not only ethically 
and politically unacceptable but also unlikely 
to be effective. 
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Remembering 9/11 


A historian probes the bitter conflicts that accompanied 
America’s most costly forensic investigation 


By Sue Black 


here is no dispute that the terrorist 

events that unfolded in the United 

States on 11 September 2001 changed 

western history forever. Govern- 

ments debated how they would have 

responded had it happened on their 
home soil, aviation authorities reconsid- 
ered security, emergency services reassessed 
practices, and parents hugged their children 
tighter. Those of us in other countries willed 
Americans to rise above the senseless brutal- 
ity and steadfastly defy the insult with patri- 
otism, empathy, unity, and resilience. 

What we did not expect was the tawdry 
infighting, discord, and bitter dispute that 
would come to surround the identification 
and memorialization of those who lost their 
lives that day. This text by Jay Aronson is a 
nonjudgmental chronicle of the monumental 
conflict between the many passionate stake- 
holders—from those seeking to rebuild the 
commercial heart of the city to the grieving 
families—all of whom were battling with their 
own demons while trying to reach a resolution 
in the absence of a common vision. 

The location and format of the memorial 
structure were among the most contentious 
issues that emerged in the aftermath of 9/11, 
and they form the core of this text. Aronson 
recounts the conflicts between the Lower 
Manhattan Development Corporation, the de- 
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signers, the funders, the media, the public, the 
emergency services, and the family support 
groups, each of whom seemed to have differ- 
ent ideas about every single aspect of the me- 
morial’s concept and its build. 

The disputes included where the memorial 
should be sited, what retail was appropriate, 
where unidentified remains should be stored, 
how the names of the deceased should be dis- 
played, how the museum should portray the 
event, and many, many more. The relation- 
ships among these groups were fractious at 
best and downright hostile at times, culminat- 
ing in lawsuits in some instances. 

The value of this unbiased chronicle is that 
it allows us to relive the time with the benefit 
of hindsight and locate moments and flash- 
points where an intervention, or a different 
approach, might have diffused the situation 
sooner and helped those in great pain and suf- 
fering to find a resolution more swiftly. There 
can be no predetermined course when grief 
is a critical driving factor. But could the con- 
flict between families and city hall have been 
avoided or at least managed better? 

Aronson shows how a small series of early 
breakdowns in communication became exag- 
gerated into distrust and activism. The use of 
dump trucks and the transportation of debris 
to the unfortunately named Fresh Kills land- 
fill, for example, initiated an understandable 
animosity between city officials and grieving 
families. That thousands of remains were 
found years later in sewers, and on the win- 
dow ledges and in the ducting of surrounding 
buildings, left families further questioning 
the thoroughness of the search process. 
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~ The names of every person who died in’ tk e 20 Or 
attacks, and in the 1993 World Trade Center > 
bombing, are inscribed around the National | 


September 11 Memorial's twin reflecting pools. 


Who Owns the Dead? 
The Science and Politics 
of Death at Ground Zero 
Jay D. Aronson 
Harvard University Press, 
2016. 326 pp. 


The enormity of the logistical issues that 
arose in the aftermath of 9/11 was enough to 
overwhelm almost anyone, but strong and 
compassionate leadership might have done 
a better job of walking the fine line between 
pragmatism and respect. 

It is extremely challenging to write a text 
and show no favoritism, but Aronson suc- 
ceeds incredibly well, encouraging readers to 
come to their own conclusions. He masterful- 
ly chronicles the bitter debate between those 
who “gave” their lives and those who “lost” 
their lives, those who lived in Manhattan and 
those who died in Manhattan, those who lost 
family members and those who wished to re- 
build a city. 

That the grief of the day led, for some, to 
a legacy of continued pain is deeply sadden- 
ing. “[AJll we’ve got is a pile of dirt, a price 
estimate nearing $1 billion, and a nasty, be- 
hind-the-scenes war of wills,” read an article 
in New York magazine in 2006, poignantly 
summarizing the state of the memorial. 

Although the core of the text concentrates 
on ownership of the dead and how they should 
be memorialized, there is also no doubt that a 
scientific precedent was set by the Office of the 
Chief Medical Examiner that day. It vowed to 
investigate in perpetuity until every piece of 
the many thousand human remains is identi- 
fied and repatriated. I fear that most of the rest 
of us could never afford to commit to such a 
promise. Thus, for the rest of the world, the leg- 
acy of 9/11 may be the challenge of living up to 
this ambitious expectation. 


10.1126/science.aah4476 
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ENERGY POLICY 


The great debate 


Competing perspectives face off in a quest to 
find common ground on controversial energy issues 


By Gabrielle Wong-Parodi 


hen I was a young researcher, I na- 

ively assumed that presenting lay 

audiences with information about 

climate change would be enough 

to change the hearts and minds 

of science skeptics. My fieldwork 
interviewing ranchers and coal miners in 
Wyoming about their perception of technolo- 
gies designed to mitigate global warming 
soon disabused me of this. There, I found 
that more was at stake than 
simply belief. Not only were 
people’s livelihoods on the 
line, so too were the way of 
life they loved and the places 
that they cherished. I came 
to appreciate that there are 
as many “truths” as there are 
people and began to believe 
that understanding this in a 
deeply respectful way is how 
we can best make progress 
on the big and seemingly 
intractable challenges facing 
our planet. 

In Fact and Fiction in Glob- 
al Energy Policy, Sovacool, 
Brown, and Valentine make 
clever use of the Hegelian dia- 
lectic to take on 15 core energy 
questions (e.g., “Do conven- 
tional energy resources have a 
meaningful ‘peak’?”), showing 
how each has a mutually ex- 
clusive thesis and antithesis. 
By understanding these differing viewpoints, 
the idea is that the truth in both can be re- 
vealed and perhaps reconciled in a synthesis. 
The authors take an evidence-based approach 
when considering differing perspectives, often 
drawing from primary sources of literature 
and data sets to build each side’s case. 

Take, for example, their treatment of the 
question “Is mitigation or adaptation the 
best way to address climate change?” Here 
the authors first present the biologist Garrett 
Hardin’s lifeboat metaphor, originally used 
to discuss the ethical dilemmas related to 
overpopulation. 


The reviewer is at the Department of Engineering and Public 
Policy, Carnegie Mellon University, Pittsburgh, PA 15213, USA. 
Email: gwongpar@cmu.edu 
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Picture a lifeboat floating in the ocean 
with 50 people on board and room for only 
10 more. There are 100 people swimming in 
the water who desperately need to get on 
the boat to survive. Overloading the lifeboat 
will cause it to sink, spelling doom for all 
on board. 

The authors ask the reader to imagine this 
metaphor in the context of climate change. 
Given the limited capacity of our lifeboat, 
planet Earth, should we help the swimmers 
in the water through abatement strategies 
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“[E]nacting a technological transition from one energy technology to another is less about 
facilitating technological change than about overcoming entrenched interests.” 


(adaptation measures, such as sea walls) or 
limit the number of swimmers in the water 
by reducing the amount of greenhouse gas 
emissions released to the atmosphere (miti- 
gation measures, such as energy efficiency)? 

On the one hand, proponents of miti- 
gation argue that “it is better to stop 
emissions than to deal with their likely 
effects.” For example, advocates often 
claim that mitigation efforts can be cost- 
effective and that developed nations 
should be doing these things anyway. 
Using the McKinsey & Company cost- 
abatement curve as an example, the au- 
thors present compelling evidence that ac- 
tions such as energy-efficiency investments 
in buildings and homes both are profitable 
and mitigate climate change. 
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However, proponents of adaptation argue 
that climate change is already happening and 
we need to protect people and infrastructure 
that are already at risk. Furthermore, efforts 
to mitigate climate change on the national 
stage have fallen far short of what is needed 
to avoid the worst climate change. Taking 
a historical perspective, the authors pre- 
sent evidence that many of the “larger GHG 
emitters either have backtracked on climate 
change mitigation commitments or continue 
to sit on the sidelines.” 

For each question, the au- 
thors then tease out the truths 
on both sides in an attempt 
to reach a common ground. 
In the case of mitigation ver- 
sus adaptation, they conclude 
that both are needed and 
should be cooptimized. 

The authors are careful 
to caution that this analyti- 
cal exercise is not intended 
or designed to reveal the 
“capital-T” Truth but is a way 
to learn more about how dif- 
ficult energy problems are 
conceptualized. A clear “win- 
ner” may emerge, but the 
goal is to have “fewer, better 
disagreements” (J). 

I have rarely read a book 
or policy piece that has so 
clearly laid out the compet- 
ing perspectives on conten- 
tious energy questions with 
such sympathy, humility, and rigor. In light 
of the tremendous energy and environ- 
mental challenges facing us today and in 
the future, this would be an excellent book 
for classes in environmental policy, politi- 
cal science, and geography. Indeed, this is a 
must read for researchers and practitioners 
interested in understanding how to address 
the most pressing contentious energy ques- 
tions of our day. 

Too much is at stake for us to pretend 
that other perspectives don’t matter. They 
do, and we ignore them not at our own peril 
but at the peril of future generations. 
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Coordinate efforts on 
EU invasive species 


AN AMBITIOUS MOVE by the European 
Union to eradicate, or at least contain, 37 
invasive alien species across the region (1) 
may fail if Member States do not coor- 
dinate their efforts. Despite calls for the 
establishment of a coordinating authority 
(2, 3) and the recognition of the cost-effec- 
tiveness of such a body (4), the European 
Parliament had little appetite to fund 
another centralized regulatory body. It thus 
elected to establish only a legal framework 
without a dedicated body or resources to 
oversee its implementation. As a result, 
Member States will have to proceed alone 
or make ad hoc arrangements with their 
neighbors when implementing the new 
regulations (5). Given that many of the 
invasive alien species occur in more than 
one Member State and can easily spread 
across national borders (“Red squirrels ris- 
ing,” E. Stokstad, News Feature, 10 June, p. 
1268), eradication and management plans 
must be coordinated at a regional scale to 
ensure that no Member State undermines 
its neighbors by failing to effectively man- 
age species in its own territory. 

The risk of such weak links is high 
because the burden of invasive alien species 
is not equally shared across Europe (6). 
Four countries (Belgium, France, Italy, and 
the United Kingdom) will need to manage 
as many as half of the species listed by the 
European Union, whereas none of the listed 
species occurs in either Cyprus or Malta 
(7). Although the upfront public cost of a 
coordinating body might be high, it would 
amount to less than 0.5% of the annual 
cost of invasive species to the European 
economy (8). In addition to coordinating 
surveillance, rapid response, and long-term 
management, a coordinating body would 
have the resources to support nations that 
need financial assistance and thus avoid the 
threat of weak links. Furthermore, without 
support, Member States may have to redi- 
rect conservation efforts away from alien 
species that are especially problematic at 
the national scale in order to devote atten- 
tion to less worrisome species that happen 
to be of EU concern. 

Coordination will also be needed with 
neighboring countries outside of the 
European Union because they also host 
many of the invasive alien species listed 
as being of EU concern. Adoption of the 
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EU regulation on invasive alien species 
could be made a condition for accession 
to the European Union in the case of 
candidate countries such as Macedonia, 
Montenegro, and Serbia. Before negotia- 
tions begin to bring other nations—such 
as Russia and Switzerland (and in the 
future the United Kingdom)—onboard 
with the new EU regulations, a region- 
ally coordinated management plan with 
clear goals will have to be established. In 
the same way that the European Union 
funds the European Centre for Disease 
Prevention and Control (9), a coordinating 
body addressing prevention and control of 
biological invasions will be essential if the 
region aims to deliver on its ambition to 
eradicate invasive alien species. 
Philip E. Hulme 
The Bio-Protection Research Centre, Lincoln 


University, 7647 Canterbury, New Zealand. 
Email: philip.hulme@lincoln.ac.nz 
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USGS scientists 
open to change 


THE RECENT NEWS Feature “Hurdling obsta- 
cles” (E. R. Shell, 8 July, p. 116) provided 
an insightful summary of Marcia McNutt’s 
career. However, we reject the idea that 
“USGS [U.S. Geological Survey] scientists... 
were known for their resistance to change.” 
As interviews with USGS scientists through- 
out the article demonstrate, scientists in 
Menlo Park applauded (literally) the changes 
Director McNutt brought to the USGS when 
she announced them. The scientists at the 
USGS continue to do yeoman’s work with 
near level (and due to inflation, effectively 
declining) budgets. Moreover, their pro- 
grams are vulnerable to further cuts due to 
increasing costs of space at the Menlo Park 
campus. USGS researchers in Menlo Park 
continue to be world leaders across a broad 
spectrum of disciplines in the Earth sciences. 
Gregory C. Beroza,'* William L. Ellsworth,’ 
Marcia K. McNutt’ 


‘Department of Geophysics, Stanford University, 
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Rescued wildlife in 
China remains at risk 


THE THEME OF the United Nations’ World 
Environment Day this year—Go Wild for 
Life—focuses on efforts to counter illegal 
wildlife trade, especially through law 
enforcement. However, the treatment of 
“rescued” animals is also crucial. Animal 
suffering, or premature death after rescue, 
undermines animal welfare goals. 

In China, Convention on International 
Trade in Endangered Species of Wild 
Fauna and Flora (CITES) guidelines (7) 
on the appropriate treatment of live 
rescued animals are not well known by 
government authorities, and the eutha- 
nasia of rescued wildlife is not permitted 
(2). Consequently, indigenous and exotic 
animals are either held in captivity indefi- 
nitely at animal rescue centers or released 
to the wild after discretionary quarantine 
and rehabilitation (3), the standards of 
which vary substantially. 

In Yunnan Province alone, about 
18,000 wild animals are seized annu- 
ally (4). Accessing rare Chinese records 
detailing the rescues of live animals from 
2010 to 2015 (5), we estimated that fewer 


than 30% of 12,473 native reptiles (14 
species) were released to the wild (6). The 
rest went to poor, crowded sanctuaries 
and even into the pet or food trade (7). 
Of these native species, 2000 individu- 
als likely originated from neighboring 
countries, based on the locations of their 
rescue (5). Of 155 native birds (20 species) 
all were released, but 886 exotic birds 

(10 species) were kept in sanctuaries 
until they died. Of 156 native mammals 
(primarily primates, Asiatic bears, and 
pangolins) almost all remain in captivity, 
often in appalling enclosures (5, 8). Even 
charismatic exotic species tend not to be 
repatriated; none of five Asiatic elephants 
rescued in 2005 have been returned to 
Myanmar. Standards of animal housing 
and veterinary care are unregulated in 
China, and discretionary releases often 
involve unfamiliar release sites without 
follow-up on survival. 

China urgently needs welfare legisla- 
tion to protect rescued wildlife. Rescued 
animals should be released responsibly, 
and standards of care and record-keeping 
should be improved. 
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Dogs’ brains integrate 
praise words with their 
owners’ intonation 


¥ 


DENGUE VACCINE 
Discerning dengue 
vaccine protection 


Clinical trials of the Sanofi- 
Pasteur dengue vaccine have 
not been an unmixed success 
because of complex immune 
interactions between dengue 
subtypes. Ferguson et al. ana- 
lyzed data from the published 
phase Ill clinical trials to work 
out how best to deploy the vac- 
cine and minimize the risk of 
enhancing disease. Vaccination 
has the same immunological 
effect as a silent natural infec- 
tion: It boosts protection in 
people who are seropositive 
but puts naive individuals at 
risk of the potentially severe 
effects of subsequent natu- 
ral infection. Thus, routine 
vaccination success critically 
depends on the proportion 

of the target group that has 


1000 


experienced prior dengue 
infections. —CA 
Science, this issue p.1033 


NEURODEVELOPMENT 
Signposts for synapses 


Brain development entails not 
only positioning the neurons in 
the right place but also build- 
ing the correct connections 
for functional circuits. In the 
early postnatal mouse brain, 
Oh et al. discovered how the 
exact locations for synapse 
development are specified. 
The neurotransmitter GABA 
(y-aminobutyric acid) induces 
the formation of dendritic 
spines, accumulation of 
anchoring sites, and subse- 
quent recruitment of GABA 
receptors. Thus, the release 
of GABA, usually known as an 
inhibitory neurotransmitter in 
the adult brain, serves in the 
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Electrocatalysts for the 
oxygen evolution reaction 


Seitz et al., p. 1011 


developing brain to determine 
just where synapses are built. 
—PJH 

Science, this issue p. 1037 


ION CHANNELS 
Snapshots of a 
potassium channel 


Potassium channels help 
maintain the appropriate charge 
difference between the inside 
and the outside of acell. The 
channel's selectivity for potas- 
sium is imparted by a pore so 
narrow that potassium ions 
must pass in single file. How 
potassium ions move through 
this pore is much debated. 
Kratochvil et a/. obtained instan- 
taneous snapshots of ions 

in the pore by using ultrafast 
two-dimensional infrared spec- 
troscopy. It appears that, like 
beads ona string, potassium 
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Language representation 
in the dog brain 


Dogs have been domesticated for many 
thousands of years. Humans and dogs have 
thus had plenty of time to develop close 
communication bonds for work and play. 
Using brain-scanning techniques, Andics et 
al. investigated how dogs process human 
speech. The left brain hemisphere in dogs 
responds more strongly to praise words, 
and a right auditory brain region distin- 
guishes intonation. Reward regions only 
light up if both the word and the intona- 
tion are consistent with praise. Hence, the 
subtlety of dog-human communication 

has become hardwired in the absence of 
language. —PRS 


Science, this issue p. 1030 


ions and water molecules 
occupy alternating binding sites 
in the channel. —VV 

Science, this issue p.1040 


HIV-1 ANTIBODIES 
How antibodies protect 
against HIV-1 


A protective vaccine is a 

major goal in HIV-1 preven- 

tion. Such a vaccine needs to 
elicit neutralizing antibodies to 
block infection. To understand 
mechanisms of protection by 
neutralizing antibodies, Liu et al. 
first treated rhesus macaques 
with an antibody known to 
block infection, then infected 
them with a monkey-adapted 
HIV-1. Subsequently, viral DNA 
and RNA were found in the 
macaques’ gut and lymph nodes 
a few days after genital tract 
infection. This suggests that 
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antibodies may block the virus 
in multiple sites throughout the 
body, rather than just at the site 
of entry. —KLM 

Science, this issue p.1045 


IMMUNOLOGY 
Divergent responses, 
same receptor 


Macrophages detect infection 
or tissue injury with pattern 
recognition receptors, including 
the Toll-like receptors (TLRs). 
Piccinini et al. investigated 
how macrophages react to 
the bacterial product lipo- 
polysaccharide (LPS) and the 
extracellular matrix component 
tenascin-C, both of which stimu- 
ate TLR4. Although both stimuli 
activated some common signal- 
ing pathways, LPS stimulation 
predisposed macrophages to 
destroy the extracellular matrix, 
whereas tenascin-C stimula- 
tion induced macrophages to 
synthesize matrix components. 
Thus, diverse stimuli can trigger 
the appropriate inflammatory 
or tissue-repair response, even 
though they activate the same 
receptor. —JFF 

Sci. Signal. 9, ra86 (2016). 


GLOBAL CHANGE BIOLOGY 
Trees surge on the 
Tibetan Plateau 


So many factors affect tree 
growth that it is almost impos- 
sible to develop a concise idea 
of how forests will respond to 
global change. Accelerating tree 
growth on the Tibetan Plateau 
provides an opportunity to 


Tibet’s trees are experiencing a 
growth spurt. 


SCIENCE sciencemag.org 


explore the issue. Silva et al. 
analyzed stable isotopes of 
carbon, oxygen, and nitrogen 
in the rings of trees from Tibet 
to understand why there has 
been a recent surge in growth 
during the past ~250 years. 
Elevated CO. changes in water 
use efficiency, and perma- 
frost thawing may explain the 
enhanced growth. —SN 

Sci. Adv. 10.1126.sciadv.1501302 


(2016). 
TEXTILES 

Keeping cool without 
losing your shirt 


People use clothing to retain 
warmth in cold weather. But 
what about clothing to keep us 
cool when it is hot? The chal- 
lenge is to find a material that 
lets radiation from the human 
body pass through but that is 
opaque to visible light. Hsu et 
al. have created a nanoporous 
polyethylene textile that has 
both of these characteris- 
tics (see the Perspective by 
Boriskina). The key feature 
of the material is the pore 
size, which can be tuned to 
absorb visible light while being 
almost invisible to mid-infrared 
radiation. The material is 
water-wicking and strong and 
keeps skin much cooler than 
cotton. —BG 

Science, this issue p. 1019; 

see also p. 986 


ORGANIC CHEMISTRY 
Copper-catalyzed 


radical relay 


Breaking C-H bonds can 
produce highly reactive carbon 
radicals that enzymes can use 
to form new bonds to such car- 
bon centers. Zhang et al. show 
that when the radicals escape 
the environs of their forma- 
tion, a copper catalyst can also 
finely direct their reactivity. 
Chiral ligands on copper guide 
the asymmetric addition of 
aCN group to form a nitrile 
product with high enantiose- 
lectivity that can be used for 
pharmaceutical intermediates. 
—JSY 

Science, this issue p. 1014 


IN OTHER JOURNALS 


GUT EVOLUTION 


Just passing through 


Edited by Kristen Mueller 
and Jesse Smith 


Comb 
jellies have 
through-guts. 


ur understanding of how guts evolved has included a 
long-held misconception. Despite reports dating back 
to the 1800s of a gut with more than one opening in 
metazoans (jellies and comb jellies), textbooks often 
present this group as having a sac-like gut with only 
one opening. Presnell et al. housed two species of comb jellies 
under laboratory conditions and captured high-resolution 
images of their feeding and excretion. Their detailed imaging 
revealed that comb jellies do not excrete through the mouth 
but rather through multiple anal pores, confirming that they do 
indeed possess a through-gut. These results suggest that our 
understanding of gut evolution may require a rethink. —SNV 
Curr. Biol. 10.1016/j.cub.2016.08.019 (2016). 


CELESTIAL MECHANICS 
The closest quasi- 
satellite to Earth 


A quasi-satellite orbits close to 

a planet, circling the Sun with 
the same orbital period, but it is 
not gravitationally bound to the 
planet. The fifth known quasi- 
satellite of Earth was discovered 
earlier this year: an asteroid 

with the snappy name (469219) 
2016 HO,. Ina recent study, de la 
Fuente Marcos and de la Fuente 
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Marcos investigated its orbit with 
numerical simulations, showing 
that it will remain an Earth quasi- 
satellite for a few centuries. The 
asteroid, which is a few dozen 
meters across, stays between 38 
and 100 times as far away from 
Earth as the Moon. This proximity 
and its low relative velocity make 
the object a tempting target for a 
visit by a sample-return mission— 
or even by astronauts. —KTS 

Mon. Not. R. Astron. Soc. 10.1093/ 

mnras/stw1972 (2016). 
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PLANETARY SCIENCE 
Dawn explores the dwarf 


planet Ceres 


In March 2015, the Dawn space- 
craft arrived in orbit around 
Ceres, a dwarf planet and the 
largest object in the asteroid 
belt. Over the following months, 
the Dawn team extensively 
mapped the surface of Ceres 
and investigated its properties. 
Russell et al. give an overview 

of Ceres’ global properties and 
the discovery of a plasma bow 
shock, which they interpret as 
due to a transient atmosphere. 
Hiesinger et al. investigated 

the surface craters, whose 
morphology and distribution 
allow the surface to be dated 
and indicate that the crust is 
made from a mixture of rock and 
ice. Buczkowski et al. describe 
the geological features and 
topology of the surface, such 

as domes and linear structures, 
which suggest cryomagmatism 
and subsurface ice. Ruesch 

et al. present a detailed study 
of the mountain Ahuna Mons, 
concluding that it is a cryovol- 
cano formed by the eruption 

of a viscous mixture of salt and 
ice. Ammannito et al. mapped 
the mineral composition of the 
surface, which is dominated by 
clay-like phyllosilicates. Combe 
et al. report exposed water ice 
in Oxo crater, which must have 
been brought to the surface 
relatively recently. Together, 
these papers indicate a complex 
world of rock and ice, very differ- 
ent from previously investigated 


1002-B 


asteroids, and will underpin the 
analysis of Dawn data for years 
to come. —KTS 
Science, this issue pp. 1008, 1003, 
1004, 1005, 1006, and 1007 


CLIMATE CHANGE 
Warm Arctic—cold 
continents? 


In recent decades, temperatures 
in the Arctic have risen rapidly, 
causing widespread losses in sea 
ice. In a Perspective, Shepherd 
considers whether these rising 
Arctic temperatures could also 
play arole in unusually cold win- 
ters in northern mid-latitudes. 
Some scientists have argued 
that a trend toward a warm 
Arctic and cold mid-latitudes can 
be explained by natural climate 
variability; others contend that 

it is caused by climate change. 
Shepherd concludes that this 
either/or dichotomy is too 
simplistic: Rather, natural vari- 
ability and climate change are 
likely to act together to affect 
weather patterns in the Arctic 
and beyond. —JFU 


Science, this issue p. 989 


WATER SPLITTING 
Strontium’s loss is 
iridium’s gain 

Neither plants nor people split 
water with the goal of making 
oxygen. It is simply a by-product 
of liberating the H in H,O for 


downstream use. Nonetheless, 
the slow kinetics of the so-called 
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oxygen evolution reaction (OER) 
pose a challenge to improving 
the efficiency of water-derived 
hydrogen production. Seitz et 
al. have enhanced iridium oxide 
catalysts using the strontium- 
bearing precursor SrlrO, in acid 
conditions. Initially, strontium 
leaches out of the surface layers, 
leaving behind a highly active, 
stable OER catalyst. —JSY 


Science, this issue p. 1011 


PLANT SCIENCE 
Hormone clearance and 
morphogenesis in plants 


Cytokinins are a class of plant 
hormones that help regulate plant 
morphogenesis. Ztiercher et al. 
show how cytokinin signaling 
in plant cells can be regulated. 
Purine permease 14 (PUP1A4) is 
a transporter located in the cell 
membrane that vacuums up cyto- 
kinin from the continuum of the 
plant’s cell walls (the apoplast). 
PUP14 delivers cytokinin to the 
intracellular space, where it is 
degraded. When cytokinin is 
removed from the apoplast, the 
cytokinin sensor on the plasma 
membrane finds no signal. 
Regulation of this signaling sink 
fine-tunes morphogenesis. —PJH 
Science, this issue p.1027 


CARDIAC ARRHYTHMIA 
Genetic underpinnings of 


atrial fibrillation 


The fluttery heartbeat of atrial 
fibrillation puts people in danger 


Published by AAAS 


of stroke and heart disease. 
Genomic studies have identified 
gene variants that increase the 
risk for this abnormality. Nadadur 
et al. show how these genes 
influence the beat of the heart's 
atrium. In a mouse model of atrial 
fibrillation, which lacks the gene 
Tbx5, the authors describe a mul- 
titiered transcriptional network 
that links seven of these atrial 
fibrillation risk loci. Organized 
as an incoherent feed-forward 
loop, the network tightly controls 
expression of atrial rhythm genes, 
and its perturbation by the risk 
loci causes susceptibility to atrial 
fibrillation. —KLK 

Sci. Transl. Med. 8, 354ral15 (2016). 


ASYMMETRIC CATALYSIS 
Targeting just one of two 
C-H bonds 


Direct replacement of C-H bonds 
with C-C bonds is an especially 
efficient way to make complex 
molecules. Palladium catalysts 
are effective at asymmetric 
variants of this reaction and 
are valuable in pharmaceutical 
development. However, selecting 
one of two C-H bonds on the 
same carbon center is particu- 
larly challenging. Chen et al. have 
developed a set of two-coordi- 
nate chiral ligands that confer 
high selectivity in that particular 
scenario. Palladium complexes 
of these ligands append a variety 
of aryl rings to CH, groups in 
amides and several carboxylic 
acids. —JSY 

Science, this issue p. 1023 
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INTRODUCTION: Thermochemical models 
have predicted that the dwarf planet Ceres 
has, to some extent, formed a mantle. More- 
over, due to viscous relaxation, these models 
indicate that Ceres should have an icy crust 
with few or no impact craters. However, the 
Dawn spacecraft has shown that Ceres has 
elevation excursions of ~15 km, cliffs, graben, 
steep-sided mountains, and a heavily cratered 
surface. 


RATIONALE: We used Dawn’s Framing Cam- 


era to study the morphology, size frequency, 
and spatial distribution of the craters on Ceres. 
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Spatial density of craters larger than 20 km on Ceres. Crater rims are shown as black solid circles. Blue 
indicates areas with LCDs; yellow and red represent more highly cratered areas. The smallest dashed ellipse 
denotes the idealized former rim of an extremely degraded impact crater at 48.9°E and 44.9°S, which is 
barely recognizable in imagery but apparent from the global digital elevation model. Also shown as dashed 
circles are the outlines of two large putative basins. Unambiguously recognized basins >300 km in diameter 
are missing, and there are several areas with LCDs associated with large impact craters (e.g., Yalode, Urvara, 
Kerwan, Ezinu, Vinotonus, Dantu, and two unnamed craters northeast and southeast of Oxo). Areas A and B 


These data allow us to infer the structure and 
evolution of Ceres’ outer shell. 


RESULTS: A large variety of crater morphol- 
ogies are present on Ceres, including bowl- 
shaped craters, polygonal craters, floor-fractured 
craters, terraces, central peaks, smooth floors, 
flowlike features, bright spots, secondary cra- 
ters, and crater chains. The morphology of 
some impact craters is consistent with water 
ice in the subsurface. Although this might 
have favored relaxation, there are also large 
unrelaxed craters. The transition from bowl- 
shaped simple craters to modified complex 
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are topographic rises with central depressions that also show LCDs. 
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craters occurs at diameters of about 7.5 to 12 km. 
Craters larger than 300 km are absent, but low- 
pass filtering of the digital elevation model 
suggests the existence of two quasi-circular 
depressions with diameters of ~570 km (125.56°E 
and 19.60°N) and ~830 km (24.76°W and 0.5°N). 
Craters are heterogeneously distributed across 
Ceres’ surface, with more craters in the northern 
versus the southern hemisphere. The lowest cra- 

ter densities are associated 
with large, well-preserved 
Read the full article southern hemisphere im- 
at http://dx.doi. pact craters such as Urvara 
org/10.1126/ and Yalode. Because the 
science.aaf4759 low crater density (LCD) 
eastiaitesesatecatauteuneae pains Siero aca a 
large latitude range in some cases (e.g., Urvara 
and Yalode: ~18°N and 75°S; Kerwan: ~30°N 
and 46°S), its spatial distribution is inconsistent 
with simple relaxation driven by warmer equa- 
torial temperatures. We instead propose that 
impact-driven resurfacing is the more likely LCD 
formation process, although we cannot com- 
pletely rule out an internal (endogenic) origin. 
We applied two different methodologies to de- 
rive absolute model ages from observed crater 
size-frequency distributions. The lunar-derived 
model adapts the lunar production and chro- 
nology functions to impact conditions on Ceres, 
taking into account impact velocities, projectile 
densities, current collision probabilities, and 
surface gravity. The asteroid-derived model 
derives a production function by 
scaling the directly observed object 
size-frequency distribution from the 
main asteroid belt (extended to sizes 
<5 km by a collisional model) to the 
resulting size-frequency distribution 
of cerean craters, using similar cer- 
ean target parameters as the lunar- 
derived model. By dating a smooth 
region associated with the Kerwan 
crater, we determined absolute model 
ages of 550 million and 720 million 
years, depending on which chronol- 
ogy model is applied. 


CONCLUSION: Crater morphology 
and the simple-to-complex crater tran- 
sition indicate that Ceres’ outer shell is 
likely neither pure ice nor pure rock 
but an ice-rock mixture that allows for 
limited relaxation. The heterogeneous 
crater distribution across the surface 
indicates crustal heterogeneities and 
a complex geologic evolution of Ceres. 
There is evidence for at least some 
geologic activity occurring in Ceres’ 
recent history. 


The list of author affiliations is available in the full 
article online. 

*Corresponding author. Email: hiesinger@uni- 
muenster.de 
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Cratering on Ceres: Implications for 
its crust and evolution 


H. Hiesinger,!* S. Marchi,” N. Schmedemann,” P. Schenk,* J. H. Pasckert,? 

A. Neesemann,? D. P. O’Brien,” T. Kneissl,” A. I. Ermakov,° R. R. Fu,® M. T. Bland,” 
A. Nathues,® T. Platz,® D. A. Williams, R. Jaumann,’°* J. C. Castillo-Rogez," 

O. Ruesch,’” B. Schmidt,!? R. S. Park," F. Preusker,’° D. L. Buezkowski,'* 


C. T. Russell,’’ C. A. Raymond” 


Thermochemical models have predicted that Ceres, is to some extent, differentiated and 
should have an icy crust with few or no impact craters. We present observations by the 
Dawn spacecraft that reveal a heavily cratered surface, a heterogeneous crater 
distribution, and an apparent absence of large craters. The morphology of some impact 
craters is consistent with ice in the subsurface, which might have favored relaxation, yet 
large unrelaxed craters are also present. Numerous craters exhibit polygonal shapes, 
terraces, flowlike features, slumping, smooth deposits, and bright spots. Crater 
morphology and simple-to-complex crater transition diameters indicate that the crust of 
Ceres is neither purely icy nor rocky. By dating a smooth region associated with the 
Kerwan crater, we determined absolute model ages (AMAs) of 550 million and 

720 million years, depending on the applied chronology model. 


eres is the largest (~940-km diameter) and 

most massive object in the asteroid belt 

and, as a protoplanet, possibly holds clues 

to our understanding of the early solar sys- 

tem history (J). Pre-Dawn mission studies, 
mostly based on data acquired by Earth-based 
telescopes and the Hubble Space Telescope, have 
revealed several notable results. For example, some 
pre-Dawn geophysical models have predicted that 
Ceres is a differentiated body with a silicate-rich 
core and a water-rich shell (2-5), resulting in a 
hydrostatic shape and relatively rapid viscous re- 
laxation (i.e., removal) of topographic features, 
including impact craters (4). In addition, early 
spectral data of Ceres were interpreted as evidence 
for water in clay minerals, brucite, carbonates, iron- 
rich serpentine, and ammoniated phyllosilicates 
(6-10). Volatile-rich CI and CM chondrites are pro- 
bably the best meteoritic analog materials for Ceres 
(11, 12). Dawn is the first spacecraft to visit Ceres 
and closely observe its surface from an orbit as 
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low as 850 km in radius (5). Although Dawn car- 
ries several instruments, including a Visible and 
Infrared Spectrometer (VIR) (73) and a Gamma 
Ray and Neutron Detector (GRaND) (14), in this 
study we mostly rely on images of the Framing 
Camera (FC) (15), which observes the cerean sur- 
face in one broadband clear filter (400 to 1100 nm) 
and seven narrowband color filters (438, 555, 653, 
749, 829, 917, and 965 nm). 


Crater morphology 


We studied FC (15) images with a spatial res- 
olution of up to 137 m per pixel that reveal a 
rich inventory of morphologic features, such as 
cliffs, graben, steep-sided mountains, and craters. 
In fact, FC images show a large number and va- 
riety of crater morphologies, including bowl-shaped 
craters, polygonal craters, floor-fractured craters, 
crater terraces, central peaks, smooth crater floors, 
craters with flowlike features, and secondary cra- 
ters and crater chains (Fig. 1). The morphologies 
of <30- to 40-km-diameter craters on Ceres are 
indistinguishable from craters on mid-sized icy 
moons of Saturn (e.g., Dione and Tethys) (/6). At 
Ceres, floor-filling smooth material is commonly 
observed in craters >40 km but has not been re- 
ported from mid-sized icy moons (16). The smooth 
deposits occur at various elevations, embay other 
crater material, and might represent mixed mo- 
bilized impact melt or debris, impact-triggered 
volcanism, or postimpact melting. At some crater 
walls, we observe flowlike deposits with steep 
lobe fronts and sides, as well as striations in down- 
slope direction that we interpret as evidence for 
mobilization of crustal material in the presence 
of ice (17). Craters larger than 40 km exhibit ad- 
ditional morphologies not observed at smaller 
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craters—for instance, central pits, possible pit 
floors, and floor fractures. Central pits similar to 
pits on Ganymede and Callisto occur preferentially 
in craters >75 km. These crater morphologies are 
described in more detail in a companion paper 
by Buczkowski et al. (17). On the basis of their 
morphological characteristics, we propose that 
craters on Ceres were formed in a relatively weak 
target (i.e., much weaker than intact or partially 
fractured crystalline rock) when compared with 
Vesta or the Moon, consistent with the presence 
of ice (2-4, 18). 

Several pre-Dawn thermochemical models have 
predicted that Ceres is, to some extent, a differ- 
entiated body that potentially has a silicate-rich 
core and a water-rich shell (2-5, 18-20). The more 
differentiated structure models would allow for a 
hydrostatic shape and relatively rapid viscous 
relaxation of craters (4). The predicted paucity of 
craters resulted from the assumption of a 10- to 
100-km-thick surface-ice layer and relatively high 
surface temperatures, which allow for rapid viscous 
relaxation. Image-based digital elevation models 
(DEMs) (27-23) help determine the degree of dif- 
ferentiation by revealing elevation differences of 
~15 km, indicating that Ceres’ shell may contain 
less ice than predicted by the more differentiated 
models. If Ceres contains an ice-dominated layer, 
it was predicted that even small craters would 
relax within 10 million to 100 million years (My) 
(assuming relatively warm temperatures of 180 K) 
and that pristine craters could survive only near 
the poles (4). This is not consistent with Dawn 
observations. 

Improved temperature models (24) suggest 
lower equatorial temperatures of 155 K, and <110 K 
at latitudes higher than ~80°, slowing viscous 
relaxation and increasing the survival time of 
craters. An undifferentiated rocklike model, in 
which water is entirely bound to minerals in the 
form of hydrated salts and silicates (25), predicts 
that relaxation of craters is not expected (4). How- 
ever, Castillo-Rogez (19) argued that the undif- 
ferentiated model is not realistic from a thermal 
evolution standpoint, and it is also inconsistent 
with Dawn observations of moderately relaxed 
craters. We find that, unlike in (4), viscous relax- 
ation is relevant only at scales of several hundreds 
of kilometers. Among Ceres’ few features of that 
size is the Kerwan impact crater (284 km), 
which appears partially relaxed because of the 
absence of a central peak, the subdued rim, the 
gently-sloped smooth floor, and the lower crater 
density compared with the surrounding terrain. 
Although we cannot completely exclude geologic 
processes—such as degradation from subsequent 
impact cratering or cryovolcanism—that might 
have operated locally or regionally in the Kerwan 
area, we favor viscous relaxation as the most 
likely origin of this crater’s unusual morphology. 
This is because of Kerwan’s position close to the 
warm equator, its size and morphology, as well as 
results of viscoelastic finite element models of 
Bland et al. (26). In addition, Kerwan is located 
in an area with a low crater density (LCD), making 
degradation by subsequent impact craters less 
likely. Similarly, we did not find unambiguous 
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evidence for cryovolcanic resurfacing of Kerwan. 
In contrast to Kerwan, Dawn DEMs indicate that 
the majority of Ceres’ craters are deep. For example, 
Vinotonus (140 km, 94.8°E and 43.1°N), Ezinu 
(120 km, 195.4°E and 43.2°N), Urvara (170 km, 
248.6°E and 46.3°S), Yalode (267 km, 292.5°E and 
42.3°S), and several other large craters have depths 
of >4: km. They are deeper than similar-sized fresh 
lunar craters (27) and modestly shallower than 
fresh craters on Tethys (16). Further, Ceres’ craters 
are much deeper than the completely flattened 
craters predicted by Bland (4) in this size range 
for a pure ice layer. Thus, Dawn’s observations of 
preserved and relaxed craters, along with Ceres’ 
shape (5), are inconsistent with a pure rocky outer 
shell. Clearly, viscous relaxation has played a lim- 


ited but important role in subduing some craters. 
The lack of observed relaxation for craters smaller 
than Kerwan indicates that any outer shell has a 
rheology much stronger than that of pure water 
ice (4). Thus, Ceres’ outer shell is probably neither 
pure ice nor pure rock but an ice-rock mixture 
that allows for limited relaxation at the longest 
wavelengths. In addition, differences in relaxation 
across the surface possibly indicate spatial varia- 
tions in the ice content of the outer layer on Ceres. 


Crater morphometry 


A second test of the proposed thermochemical 
models is the transition diameter from simple 
(bowl-shaped) to complex (e.g., central peaks, ter- 
races, rings) crater morphology. Provided that 


Fig. 1. Morphologies of impact craters on Ceres. (A) Unnamed 6-km simple bowl-shaped crater 
(105°E and 3°N). (B) Unnamed 12.5-km modified simple crater (161.7°E and 13°S) with mass-wasting 
deposits on the floor. (©) Unnamed 16- to 18.8-km complex crater (279°E and 23°S) with possible terraces 
and evidence for mass wasting on the floor and walls. Mass-wasting deposits form ridges on the crater 
floor. (D) Unnamed 34- to 37-km complex crater with central peak (108°E and 10°N). (E) Achita, a 41-km 
polygonal complex crater (65.8°E and 25.8°N) with mass-wasting ridges on the floor. (F) Gaue crater (84 km, 
85.9°E and 30.9°N) showing multiple terraces, a central pit, a smooth and flat floor, and a small peak close 
to the central pit. (G) Dantu crater (125 km, 1378°E and 24.4°N), with concentric terraces, a possible peak 
ring structure or central pit, a smooth and flat floor, and considerable albedo variations at the southwestern 
rim. (H) Urvara crater (170 km, 248.6°E and 46.3°S), with concentric terraces, a small elongated central 
peak, a smooth and flat floor, and a relaxed morphology. (I) Kerwan crater (284 km, 123.6°E and 10.9°S) 
shows a partially relaxed morphology and does not have a central peak but instead a central depression. 
This crater’s rim is subdued, and the floor is gently sloped and almost completely covered by smooth 
material with a lower crater density than the surrounding terrain. Arrowheads point north. 
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Ceres is a predominantly icy body with a gravity 
of 0.28 m/s” (5), it has been predicted that the 
transition would occur at a diameter of ~16 km; 
it would occur at ~50 km for a rocky body (4). In 
particular, Bland (4) suggested that a transition 
diameter of 10 to 20 km would be consistent 
with a thick icy layer, whereas a diameter of more 
than 20 km would support the undifferentiated 
model of Zolotov (25). To determine the simple- 
to-complex transition diameter, we selected ~160 
well-preserved craters on the basis of their crisp 
morphology and the absence of obvious post- 
impact erosion or modification. Two criteria were 
used: (i) inflection in the depth-diameter curve 
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Fig. 2. Simple-to-complex transition diameters 
of impact craters on Ceres and selected icy 
moons and rocky bodies. (A) Simple-to-complex 
crater transitions (i.e., those with more than 50% 
modified floors) on Ceres (small red circles rep- 
resent simple craters; large red circles represent 
complex craters) occur at diameters of 75 to 12 km. 
The depth/diameter ratios of the dry Moon (black 
line) and those of the icy bodies Dione (blue circles), 
Tethys (green triangles), and Ganymede (blue 
open circles) are shown for comparison. (B) The 
transition diameters to complex craters scale in- 
versely with surface gravity of the respective body. 
Taking into account its surface gravity, the depth/ 
diameter ratio of Ceres (red triangle) follows the 
same trend as other icy bodies (green triangles). 
The transition diameters to complex craters of rocky 
bodies (brown circles) are shown for comparison. 
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Fig. 3. Spatial density of >20-km craters on Ceres. Crater rims are shown as black solid circles. Blue indicates areas with LCDs; yellow and red 
represent highly cratered areas. The smallest dashed ellipse marks the idealized former rim of an extremely degraded impact crater at 48.9°E and 44.9°S, which is 
barely recognizable in the FC clear filter data but visible in the global DEM. Also shown as dashed circles are the outlines of two large putative basins. 
Unambiguously recognized basins with diameters >300 km are missing, and there are several areas with LCDs associated with large impact craters (e.g., Yalode, 
Urvara, Kerwan, Ezinu, Vinotonus, Dantu, and two unnamed craters northeast and southeast of Oxo). Areas A and B are topographic rises with central depressions 


(described in the text) that also show LCDs. 


and (ii) the morphologic transition from simple 
(relatively unmodified) bowl-shaped craters to 
those with modified floors. Our criteria for the 
latter was when modified floors exceed 50% of 
the crater diameter and when the number of cra- 
ters in a size bin exceeds 50% occurrence of modi- 
fied complex crater floors. These are the same 
criteria used for comparison to icy satellites (28). 
We used the current High-Altitude Mapping Orbit 
(HAMO) topographic map of Ceres, which has an 
effective horizontal resolution of ~137 m and a 
vertical sensitivity of 10 m (23), to measure crater 
depths. For craters less than ~8 km in diameter, 
we determined the crater depths from shadow 
measurements. We found that the transition from 
bowl-shaped simple craters to modified simple 
craters (based on observations of floor-fill mate- 
rial and on the inflection in the depth-diameter 
curve) occurs at about 7.5 to 12 km. These results 
are generally similar to those of other icy bodies 
with similar gravity, such as Tethys (~10 km) and 
Dione (~10 to 12.5 km), when measured with the 
same criteria (Fig. 2A). Assuming that simple-to- 
complex transition diameters scale inversely with 
gravity (29) (Fig. 2B), we can independently cal- 
culate the Ceres simple-to-complex transition 
diameter following the approach used in (30) 
and (31), which gives the simple-to-complex tran- 
sition diameter as 28Ganymede/8ceres (8, gravity). 
Assuming a gravity of 1.428 m/s” for Ganymede 
(32) and of 0.28 m/s? for Ceres (5), this yields a 
simple-to-complex transition on Ceres at ~10.3 km. 
In contrast, if Ceres is primarily a rocky body, then 
Ceres’ transition diameter could be near 50 km 
(4), as can be obtained by the extrapolation of the 
values associated with silicate planets from (29). 
Thus, these independent calculations support the 
fact that Ceres has a crust made of an ice-rock 
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Fig. 4. Detailed views of areas A and B. (Top) Area A, as seen from the HAMO (left) and with super- 
posed color-coded topography (right). The area is characterized by a topographic rise with nested, 
irregularly shaped depressions (a). (Bottom) Area B, as seen from the HAMO (left) and with superposed 
color-coded topography (right). The area is characterized by a topographic rise with nested, irregularly 
shaped depressions (a); linear settings of domelike structures (b); a graben system (c); a >50-km-long, 
straight, pitted fracture (d); and the steep cliff of Niman Rupes (e). The topographic range in both DEMs 
is from —7326 to 9474 m. 
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mixture. Hence, the observed simple-to-complex 
crater transition diameters on Ceres are most 
consistent with an ice-bearing upper crust or a 
material mixture of similar viscosity. Together 
with the apparent absence of widespread viscous 
relaxation, the relatively small measured transi- 
tion diameters indicate that, paradoxically, Ceres’ 
crust is weak (icelike) on the time scale of crater 
formation and modification but relatively strong 
over longer, geologic time scales. At a temperature 
of 160 K, it has been estimated that the upper tens 
of kilometers of a “weak” (icelike) crust have a 
viscosity of 107” Pa-s. The upper limit is less well 
constrained and is estimated to be on the order 
of 107° to 107’ Pa:s (26). Thus, the crust of Ceres 
is not as strong as pure rock. 


Spatial distribution of craters 


On the basis of Survey orbit data (400 m per pixel), 
we globally (95%) mapped all impact craters down 
to a few kilometers in size. Several coauthors have 
independently produced crater catalogs (see sup- 
plementary materials) on the basis of images 
from different mission phases [Approach, pre- 
Survey, and Survey (5)] that all agree well with 
each other concerning the absolute number of 


craters in different diameter ranges. Figure 3 
and Table 1 show craters larger than 20 km, 
which are clearly visible at the given FC pixel 
scale, to avoid effects of incomplete counts, terrain 
effects, and secondary cratering. All catalogs show 
an absence of craters larger than 300 km, while 
low-pass filtering of the DEM suggests the exis- 
tence of at least two quasi-circular depressions 
with diameters of ~570 (125.56°E and 19.60°N) 
and ~830 km (24.76°W and 0.5°N). Given the un- 
certainties in the earliest impact flux on Ceres, 
such basins are consistent with the estimates of 
de Elia and Di Sisto (33), who calculated the num- 
ber of craters produced by main-belt asteroids as a 
function of crater diameter. From figure 4 of (3.3), 
the largest crater produced by asteroids on Ceres 
has a diameter of ~600 km. The survival of such 
large basins might hint at limited amounts of 
viscous relaxation in these areas compared with 
other areas or relatively young ages of these basins. 

Craters are heterogeneously distributed across 
the surface of Ceres, with the northern hemi- 
sphere being more heavily cratered than the south- 
ern hemisphere. The lowest crater densities— 
associated with large, well-preserved impact cra- 
ters (e.g., Urvara and Yalode)—are located in the 


Fig. 5. Occator crater. Occator is a 92-km-diameter, 4-km-deep impact crater that contains the 
brightest spot on Ceres. Panel (A) shows a Low-Altitude Mapping Orbit FC mosaic indicating the 
location of enhanced-color inset (B), which shows the sharply defined bright spot associated with a 
central dome with a radial fracture pattern surrounded by concentric fractures. 
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southern hemisphere. Additional regions with 
relatively LCDs are associated with craters Kerwan, 
Ezinu, Vinotonus, and two unnamed craters south- 
east (155 km, 4.0°E and 38.8°N) and northeast 
(110 km, 14.0°E and 54.7°N) of Oxo crater (10 km) 
(Fig. 3). Plausible reasons for the LCD terrains 
include viscous relaxation (4, 34), ejecta burial (35), 
and seismic shaking (36). Because the LCD terrain 
sometimes extends across a large latitude range 
(e.g., Kerwan: ~30°N to 46°S; Urvara and Yalode: 
~18°N to 75°S), its spatial distribution is incon- 
sistent with simple relaxation driven by warmer 
equatorial temperatures. Instead, because the LCD 
terrain is associated with large craters, we propose 
that impact-driven resurfacing is the more likely 
process of formation, although we cannot com- 
pletely rule out an endogenic origin. Such an en- 
dogenic origin might be plausible for two LCD 
terrains [i.e., area A (349.5°E and 22.5°N) and 
area B (54.2°E and 23.3°S)] (Fig. 3). Both areas 
appear to be positive topographic structures with 
central depressions. Area A is a ~100-km-wide, 
~6-km-high topographic rise and exhibits heavily 
eroded nested pits that are up to ~2 km deep 
(Fig. 4). Area B is a ~130-km-wide topographic 
rise and is characterized by nested ~7- to 20-km 
pits with different depths, chains of ~5- to 20-km 
domelike structures, and a ~15-by-60-km swarm 
of subparallel ~1- to 2-km-wide east-west oriented 
graben-like valleys (i.e., rilles) (Fig. 4). If these 
areas were resurfaced by the deposition of 
endogenic material, its thickness must be on 
the order of ~700 to 800 m to obliterate 20-km- 
large craters (27). Ahuna Mons, a possible cryo- 
volcanic construct (37), is located in an area that 
is more heavily cratered than the immediate vici- 
nity, implying that potential cryovolcanism did 
not substantially resurface that region. 


Table 1. Frequency of craters per diameter 
bin of the crater catalog shown in Fig. 3. 


Crater diameter (km) Number of craters 
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Fig. 6. Production functions and chronology functions for Ceres and the Moon. (Left) PFs for 
the Moon and Ceres, based on the LDM and the ADM. The LDM PF is shown as a dashed line for crater 


sizes larger than 300 km, which are outside of the vali 


d diameter range of the lunar PF (44). (Right) CFs for 


the Moon and Ceres (LDM and ADM). The lunar PF and CF are from (44). D, diameter. 


A heterogeneous crust is not only indicated by 
the spatial distribution of impact craters but also 
by FC and VIR color data (0, 38). In FC images, 
the surface of Ceres is rather dark, but some cra- 
ters (such as Occator) exhibit a high albedo and a 
central pit spectrum that has been interpreted as 
hydrated magnesium sulfate (38) or sodium car- 
bonates mixed with a dark component, small 
amounts of phyllosilicates, ammonium carbonates, 
and/or ammonium chloride (Fig. 5) (39). False- 
color composites and VIR spectral data reveal 
compositional differences on the surface that re- 
flect crustal heterogeneities at all scales (0, 38, 40). 
For example, Occator crater shows the largest di- 
versity in colors, ranging from bright spectrally 
reddish units (central pit) to dark spectrally convex- 
shaped units (ejecta). Though local deviations from 
nearly-neutral spectral slopes in the red-visual 
spectrum to negative slopes are characteristic at 
many sites, pronounced positive slopes are almost 
absent and confined to small exposures (38). 


Absolute model ages (AMAs) 


Crater size-frequency distribution (CSFD) mea- 
surements are commonly used to derive relative 
and AMAs of unsampled planetary surfaces (41-44). 
To obtain AMAs from observed CSFDs, two main 
components are needed: a production function 
(PF) and a chronology function (CF) (Fig. 6). A PF, 
which describes the time-average idealized shape 
of the cumulative size-frequency distribution of 
craters, is needed to extrapolate the measured 
CSFD to a distinct reference diameter (e.g., 1 or 
10 km), whose cumulative crater frequency can 
then be used to obtain an AMA from the CF 
(41-44), which correlates crater densities with 
absolute ages. Here we describe two approaches 
to derive such functions. The lunar-derived model 
(LDM) adapts the lunar PF and CF to impact 
conditions on Ceres, taking into account a num- 
ber of parameters [e.g., impact velocities (Fig. 7), 
projectile densities, current collision probabilities, 
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and surface gravity] in a similar manner as has 
been done for Mars and Mercury, among others 
(41). The asteroid-derived model (ADM) derives a 
PF by scaling the directly observed object size- 
frequency distribution from the main asteroid 
belt, extended to sizes smaller than 3 to 5 km by 
a collisional model (45), to the resulting size- 
frequency distribution of craters on Ceres using 
similar cerean target parameters as the LDM 
(46-48). A CF for the ADM is derived indepen- 
dently from lunar observation and is exclusively 
based on collision rates as they are observed in the 
current asteroid belt, in combination with dynam- 
ical models of the early evolution of the asteroid 
belt (49, 50). The two approaches are described 
in detail in the Materials and methods section. 
Both approaches have their advantages: For 
instance, the PF from the ADM is at least partly 
derived from direct observations of objects in the 
main asteroid belt, and the CF benefits from the 
latest dynamical models of the asteroid belt 
(49, 50). On the other hand, assuming that the 
asteroid belt shows the same declining flux as the 
Moon, the functions from the LDM profit from 
the lunar PF being based on direct crater obser- 
vations, even down to the smallest crater dia- 
meter range, and from the absolute calibration of 
the lunar CF using radiometric ages from Apollo 
and Luna samples. However, both approaches also 
have uncertainties. For example, the LDM assumes 
that the flux of the impacting projectiles in the 
asteroid belt exhibits the same characteristics 
as on the Moon, including an exponential decay 
of the flux from at least ~4.1 billion to ~3 billion 
years ago (Ga). This would lead to a massive pri- 
mordial main belt, resulting in high numbers of 
expected impact basins on Ceres’ ancient surface, 
which is inconsistent with current observations 
but might partially be explained by relaxation 
processes. On the other hand, the PF used in the 
ADM can only be directly derived from the size- 
frequency distribution (SFD) of projectiles (>~3 
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to 5 km) in the asteroid belt, resulting in crater 
diameters of ~20 to 30 km, whereas the portion 
of the PF for smaller diameters has to be ex- 
trapolated due to incomplete observations of 
smaller bodies (potential projectiles) in the aste- 
roid belt. Furthermore, the CF from the ADM 
cannot be properly calibrated using radiometric 
ages from planetary samples and depends on the 
assumed parameters of the dynamical models. 

We applied both LDM and ADM to CSFDs 
of the smooth deposits around Kerwan crater 
because unraveling the geologic history of the 
Kerwan region is essential for our understanding 
of past and recent processes on Ceres’ surface 
(Fig. 8). In addition, the region shown at left in 
Fig. 8, which corresponds to about 9 to 10% of the 
cerean surface, was selected because it represents 
a large, first-order homogeneous unit, which is 
necessary for reliable CSFD-based age determi- 
nations. CSFDs were independently determined 
by four team members and agree well with each 
other, implying that craters were reliably identi- 
fied and their numbers and sizes consistently 
measured. By applying the LDM to these CSFD 
measurements, we derive an AMA of ~720 My; we 
obtain a somewhat younger AMA of ~550 My 
when applying the ADM (Fig. 8). 

We also used the LDM and ADM to estimate 
the potential formation ages of the two ~570- and 
~830-km-large depressions detected in the fil- 
tered topography data. Assuming that these de- 
pressions are impact structures formed by single 
impacts, their sizes are comparable with those of 
the Rheasilvia and Veneneia basins on Vesta if 
scaled to Ceres size. Like Rheasilvia and Veneneia 
on Vesta, the quasi-circular depressions on Ceres 
might represent the two youngest, surviving, large 
basinlike features on Ceres. If correct, based on 
the LDM we would expect the formation of the 
smaller feature within the past 3.5 billion years 
(Gy) and the formation of the larger feature within 
the past 3.7 Gy, consistent with the formation 
of the youngest basins on other planetary bodies 
(Moon, Mars), as well as on Vesta [lunar-like model 
(42)]. In the ADM, the formation of the smaller 
feature would be expected within the past 2.8 Gy, 
whereas the larger feature probably formed shortly 
after the advent of the solar system. The ages of the 
two depressions are relatively close together in 
the LDM, as the chronology curve has a steep 
slope in that age range. In contrast, the chronol- 
ogy curve in the ADM is much flatter until ~4.4 Ga 
before rising steeply; hence, the ages of the two 
basins in the ADM are more widely separated 
(Fig. 6). 


Conclusions 


Ceres is a heavily cratered object that shows a 
wide variety of impact sizes and morphologies, 
although we observe an absence of large (>300 km) 
craters. The small amount of observed relaxation 
suggests that the crust contains less ice and/or 
may be thicker than predicted by some models. 
Craters are heterogeneously distributed across 
the surface, indicating crustal heterogeneities and 
a complex geologic evolution of Ceres’ crust and 
upper mantle, an interpretation supported by FC 
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Fig. 7. Intrinsic impact probability with respect to impact velo- 
city for Ceres and Vesta. The calculation is for =5-km bodies that 
cross the orbits of Vesta and Ceres (62). Details of the calculation are 


provided in the Materials and methods section. 


and VIR color data. Dating the smooth deposits 
around Kerwan, one of the largest and most 
relaxed craters on Ceres, revealed young reten- 
tion ages of 550 and 720 My, indicating that at 
least some geologic activity took place in the re- 
cent history of Ceres. 


Materials and methods 
Lunar-derived model (LDM) 


The determination of AMAs at Ceres on the basis 
of the LDM, follows the approach of (42, 57, 52). 
The first publication describes in detail the 
methodology of converting the lunar chronology 
system (crater PF and CF) to main-belt asteroids 
of rocky composition. The authors reproduce re- 
sults of earlier publications (53-55) and link the 
AMA related to the formation of the Rheasilvia 
basin on Vesta to the youngest and most prom- 
inent reset event of brecciated HED meteorites 
about 3.5 Ga (56). Here we extend that approach 
to Ceres, whose surface composition (8, 10, 38) 
and related models of thermochemical evolution 
(2, 3, 18) are consistent with high abundances of 
volatile materials. The remarkable similarities in 
crater morphologies between Ceres and saturnian 
icy satellites may be a result of similar rheologic 
characteristics of the target material as well as 
similar surface gravities. 

For converting the lunar cratering record to 
the impact conditions on Ceres we use the scaling 
laws by (57) (Eqs. 1 to 3) that are designed for 
scaling between projectile and crater sizes of non- 
porous, zero-friction rocks. 


1 1/0.78 
Cp = hae (5) sina (1) 
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D, Cp 


(4) Vesta: imp. prob.: 2.78x10"°km*a’; av. imp. vel.: 4.46 km/s _ ( ) 
(1) Ceres: imp. prob.: 2.84x10"°km*a"; av. imp. vel.: 4.57 km/s Dp 


[2(Dsg +4 Dye 


D: = Deep? (3) 


Equations 1 and 2 represent 
the Ivanov scaling laws (57). 
Equation 3 is only used for con- 
verting between sizes of complex 
and transient craters. Following 
(51), we assume that the sizes of 
simple bowl shaped craters are 
similar to transient crater sizes, 
thus, neglecting potential col- 
lapse of such craters, which would 
result in an enlargement of the 
final crater when compared to 
the transient diameter. In these 
equations, the variables are de- 
fined as: D, observed crater 
diameter; D,, transient crater 
diameter; Dp, projectile diam- 
eter; g, surface gravity of target 
body; 5, projectile density; p, 
target density; v, impact veloc- 
ity; a, impact angle; D,., strength 
to gravity transition crater di- 
ameter; Dsc, simple to complex transition crater 
diameter. 

Key parameters in the used scaling laws are 
the transition size from simple-to-complex cra- 
ters and the transition size from the strength to 
gravity scaling regime. Both parameters scale in- 
versely with surface gravity for icy and rocky 
bodies but are offset between both body types 
(27, 51, 58, 59). Hence, scaling the lunar cratering 
record to icy bodies requires correction for the 
different scaling behavior in rocky and icy target 
materials. In a previous study (60), the cerean cra- 
ter PF has been predicted before high-resolution 
imaging data were available. In that approach the 
strength-to-gravity crater diameter as well as the 
surface gravity of Ceres were incorrectly adjusted 
in a way as if Ceres is a rocky body with a simple- 
to-complex transition crater diameter of ~12 km. 
High-resolution crater measurements of Ceres ac- 
quired subsequently did follow the predicted PF 
very closely. Although this approach resulted in 
an agreement between theoretical and observed 
crater distribution, it severely underestimated cra- 
ter sizes for a given projectile size, which resulted 
in a too low estimation for the projectile flux. 

Here, we present a more sophisticated ap- 
proach in which the upper limit for the cerean 
strength-to-gravity transition can be estimated by 
the size of the largest stable crater with Eq. 4 (67). 


pgDesg < 13.5Yo (4) 


With a simple-to-complex transition of 10 km and 
Eq. 5 (61), we get for Yo a value of about 0.15 MPa. 


<s Dgc (5) 


Thus, for Ceres we find a value of ~5 km as upper 
limit for D,, using values from table S1. 
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In order to find the correct value, we reduced 
Dsg in Eq. 2 until we arrived at a solution that 
best resembled the shape of the crater PF of (60). 
This resulted in a D., of 1.75 km and also implies 
a value for Yo of about 50 kPa, which is the ave- 
rage material cohesion during the process of 
crater formation. 

The PF is a model of cumulative crater fre- 
quencies in dependence of crater diameters. It 
should resemble the observed crater size-frequency 
distribution of the body measured on surfaces 
undisturbed by geological processes or additional 
secondary craters. Table S2 gives the coefficients of 
an 11th-degree polynomial equation (Eq. 6) (44, 52) 
that describes the shape of the LDM crater PFs 
for the Moon and Ceres. 


logNeum =a + alog(D) Ba ao(log(D))” er 
ay(log(D))" (6) 


The CF relates measured cumulative crater 
frequencies to AMAs using a crater reference 
diameter, typically N(1). For estimates of the 
current intrinsic collision probability of Ceres, we 
follow the approach of (62) and use orbital statis- 
tics of Ceres crossing asteroids of =5 km diameter. 
This analysis gives an intrinsic impact probability 
of 2.84 x 10°’ km a and an average impact 
velocity of about 4.57 km/s (Fig. 7). The conversion 
of collision probabilities into a lunar-like chronol- 
ogy is detailed by (42) for the case of Vesta. 

Table S3 gives the coefficients of the CF with 
exponential smooth decay for ages older than 
about 3.5 Gy (Eq. 7) (4D) for the Moon, Vesta, and 
Ceres. For ages older than 4.1 Gy, the cratering 
history of the Moon is still ambiguous (63). There- 
fore, the given functions may only be used with 
great caution for older ages. 


Nem(D = 1km) = C(e@’ - 1) +C3t (7) 


The presented LDM chronology system for 
Ceres (Fig. 6) is an estimation of the cratering 
history averaged over billions of years. A break 
up event inside the main belt could cause higher 
impact rates on Ceres as well as on other asteroids 
for a short period of time. If such an event oc- 
curred recently, young areas may appear older 
than they actually are. Very old areas are less af- 
fected, because short fluctuations in impact rate 
average out over time. In addition to statistical er- 
rors that arise from fitting the crater PF to the mea- 
sured crater size-frequency distribution, there might 
be systematic errors present as well. Such errors could 
be related to the shape of the derived crater PF or 
the estimation of intrinsic collision probabilities. 


Asteroid-derived model (ADM) 


The ADM uses the chronology curve derived for 
Vesta by (43), adjusted for the different produc- 
tion rates of craters on Ceres (Fig. 6). Briefly, the 
chronology curve is based on the best current 
models of main-belt dynamical and collisional 
history, accounting for two main phases: (i) an 
initial sharp decline in mass of the belt during 
the ~100 Ma immediately following the forma- 
tion of the solar system (64-66); and (ii) the 
subsequent depletion of the belt by a factor of ~4 
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Fig. 8. Age determination for the Kerwan impact crater on Ceres. (Left) The HAMO mosaic shows the smooth deposits associated with Kerwan 
crater. The area for which we (J.H.P.,, A.N., S.M.) performed CSFD measurements is outlined in blue. The count area of S.M. overlaps this area and extends 
farther to the west. (Right) CSFD plot for the area shown at left. Several coauthors (J.H.P., A.N., T.K., and S.M.) independently performed CSFD 
measurements. To derive AMAs, we used the PFs and CFs of the LDM (blue) and the ADM (red). 


during the time of the Late Heavy Bombardment 
due to secular resonance sweeping (49) and the 
loss of dynamically unstable asteroids (50). It is 
important to note that while the chronology 
curve for the asteroid belt derived in this manner 
differs significantly in shape from the lunar chro- 
nology curve (and hence also the LDM curve) 
(Fig. 6), there is no a priori reason to think that 
they should be the same (which is a central as- 
sumption of the LDM). In fact, Morbidelli et ai. 
(63) show that the asteroid flux into the terres- 
trial planet region due to dynamical depletion 
processes within the asteroid belt results in an 
impact flux on the Moon consistent with the lunar 
chronology of (41, 52, 67). 

To apply the ADM chronology curve to Ceres, 
the current production rate of craters on Ceres 
must be calculated. The chronology curve allows 
for the extrapolation of the impact rate back in 
time. The crater PF is calculated adopting a model 
main-belt SFD, an asteroid impact velocity dis- 
tribution based on current asteroids larger than 
50 km crossing the orbit of Ceres, and a crater 
scaling law from (68). It should be noted that the 
main-belt SFD is taken from (45), which provides 
a good fit to the observed main-belt SFD down to 
the completeness limit of ~3 km. The resulting PF 
also has produced a reasonable match to crater 
counts on young surfaces on Vesta (46). Further 
details of the model can be found in (46, 48, 69). 
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INTRODUCTION: Observations of Ceres, the 
largest object in the asteroid belt, have sug- 
gested that the dwarf planet is a geologically 
differentiated body with a silicate core and 
an ice-rich mantle. Data acquired by the Dawn 
spacecraft were used to perform a three- 
dimensional characterization of the surface to 
determine if the geomorphology of Ceres is 
consistent with the models of an icy interior. 


RATIONALE: Instruments on Dawn have col- 
lected data at a variety of resolutions, including 
both clear-filter and color images. Digital ter- 
rain models have been derived from stereo 


ry High: 3682m — 


— Low: -5325m | 


Dawn High-Altitude Mapping Orbit imagery (140 m per pixel) of example morphologic features. 
(A) Occator crater; arrows point to floor fractures. (B) Linear structures, denoted by arrows. (C) A large dome at 
42° N, 10° E, visible in the elevation map. (D) A small mound at 45.5° S, 295.7° E. (E) Type 1 lobate flow; arrows 


point to the flow front. 
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images. A preliminary 1:10 M scale geologic 
map of Ceres was constructed using images 
obtained during the Approach and Survey or- 
bital phases of the mission. We used the map, 
along with higher-resolution imagery, to assess 
the geology of Ceres at the global scale, to 
identify geomorphic and structural features, 
and to determine the geologic processes that 
have affected Ceres globally. 


RESULTS: Impact craters are the most prev- 
alent geomorphic feature on Ceres, and several 
of the craters have fractured floors. Geomorphic 
analysis of the fracture patterns shows that they 


are similar to lunar Floor-Fractured Craters 
(FFCs), and an analysis of the depth-to-diameter 
ratios shows that they are anomalously shallow 
compared with average Ceres craters. Both of 
these factors are consistent with FFC floors 
being uplifted due to an intrusion of cryomagma. 

Kilometer-scale linear structures cross much 
of Ceres. Some of these structures are oriented 

radially to large craters and 
most likely formed due to 

impact processes. How- 

ever, a Set of linear struc- 

tures present only on a 

topographically high re- 

gion do not have any ob- 
vious relationship to impact craters. Geomorphic 
analysis suggests that they represent subsurface 
faults and might have formed due to crustal 
uplift by cryomagmatic intrusion. 

Domes identified across the Ceres surface pre- 
sent a wide range of sizes (<10 km to >100 km), 
basal shapes, and profiles. Whether a single for- 
mation mechanism is responsible for their for- 
mation is still an open question. Cryovolcanic 
extrusion is one plausible process for the larger 
domes, although most small mounds (<10-km 
diameter) are more likely to be impact debris. 

Differences in lobate flow morphology sug- 
gest that multiple emplacement processes have 
operated on Ceres, where three types of flows 
have been identified. Type 1 flows 
are morphologically similar to ice- 
cored flows on Earth and Mars. 
Type 2 flows are comparable to 
long-runout landslides. Type 3 flows 
morphologically resemble the flu- 
idized ejecta blankets of rampart 
craters, which are hypothesized to 
form by impact into ice-rich ground. 


CONCLUSION: The global trend 
of lobate flows suggests that differ- 
ences in their geomorphology could 
be explained by variations in ice 
content and temperature at the 
near surface. Geomorphic and topo- 
graphic analyses of the FFCs sug- 
gest that cryomagmatism is active 
on Ceres, whereas the large domes 
are possibly formed by extrusions 
of cryolava. Although spectroscopic 
analysis to date has identified wa- 
ter ice in only one location on Ceres, 
the identification of these poten- 
tially ice-related features suggests 
that there may be more ice within 
localized regions of Ceres’ crust. & 
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Analysis of Dawn spacecraft Framing Camera image data allows evaluation of the topography 
and geomorphology of features on the surface of Ceres. The dwarf planet is dominated by 
numerous craters, but other features are also common. Linear structures include both those 
associated with impact craters and those that do not appear to have any correlation to an 
impact event. Abundant lobate flows are identified, and numerous domical features are found at 
a range of scales. Features suggestive of near-surface ice, cryomagmatism, and cryovolcanism 
have been identified. Although spectroscopic analysis has currently detected surface water 
ice at only one location on Ceres, the identification of these potentially ice-related features 
suggests that there may be at least some ice in localized regions in the crust. 


he Dawn spacecraft (7) left Vesta in late 

2012 and went into orbit around Ceres on 

6 March 2015. Framing Camera (2) images 

were taken during the Approach (1.3 km/ 

pixel), Survey (415 m/pixel), High-Altitude 
Mapping Orbit (HAMO) (14.0 m/pixel), and Low- 
Altitude Mapping Orbit (LAMO) (35 m/pixel) phases 
of the mission (3). Clear filter and color images, 
together with digital terrain models derived from 
stereo images, have enabled a three-dimensional 
characterization of the surface, which we have used 
to determine whether the geomorphology of Ceres 
is consistent with models of the dwarf planet 
having an icy interior (3). 


Geologic mapping 


As was done at Vesta (4), a geological mapping 
campaign was conducted at Ceres. A preliminary 
geologic map at a scale of 1:10 M was constructed 
using images obtained during the Approach and 
Survey orbital phases (Fig. 1). Surface features 
have been organized into discrete map units that 
are defined and characterized based on physical 
attributes such as albedo, morphology, structure, 
color, and topography. These units were then re- 
lated to the putative geologic processes that pro- 
duced them, such as volcanism, tectonism, impact 
cratering, and/or deposition. 

Stereophotogrammetric analysis of Ceres was 
used in the geologic mapping, and it showed that 
there is ~15 km of relief (Fig. 2A), referenced to 
the mean radius, considerably less than the ~41 km 
of total relief that was observed on Vesta (5). Al- 
though analysis of the topography suggested that 
there is no obvious elevation that discriminates 
between highlands and lowlands, one discrete 
topographically high region centered at 15°N, 
230°E (3) was identified and named Hanami 
Planum (Fig. 2A, white dashed circle). 

We used the map to assess the geology of Ceres 
at the global scale, to identify geomorphic and 
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structural features, and to determine the geo- 
logic processes that have affected Ceres globally. 
Geomorphic features identified on Ceres include 
impact craters, linear structures, domical features, 
and lobate flows. 


Impact craters 


Impact craters are the most prevalent geomorphic 
feature on Ceres (6), and resurfacing appears to be 
primarily driven by impact (6). Regions of low 
crater density are strongly associated with major 
craters, such as Urvara, Yalode, and Kerwan (6) 
(Fig. 1). Before Dawn’s arrival, it was expected 
that most craters on Ceres would be relaxed (7), 
but instead there is a large inventory of craters 
with sharp walls and deep floors (6). 

To study the dynamic range of the topography 
of Ceres, we created a hypsogram, which displays 
the elevation of Ceres plotted against the percent- 
age of surface area at that elevation (Fig. 2). Pre- 
viously published hypsograms for the rocky planets 
(Mercury, Venus, Earth, and Mars) have a positive 
skew because mountainous terrain and in-filled 
depressions lead to a long tail of positive topog- 
raphy (Fig. 2C). However, the hypsogram of Ceres 
topography shows a unimodal distribution that 
skews slightly (-0.17) toward the negative (Fig. 
2B). This is similar to the hypsogram for the icy 
moon Titan, which is also slightly negatively 
skewed. On Titan, this negative skew was deter- 
mined to represent a significant population of 
unfilled depressions (8). It is likely that the un- 
expectedly large inventory of nonrelaxed craters 
on Ceres similarly skews its hypsogram toward a 
slightly longer tail of negative topography (Fig. 2B). 


Occator crater 


A number of small anomalously bright features 
were observed during the Approach to Ceres. The 
brightest of these occur in the center and north- 
eastern floor of Occator, a 92-km-diameter crater 
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centered at 19.9°N, 239.1°E, (Fig. 3). The Occator 
bright spots coincide with one of two longitudes 
where observations by the Herschel space telescope 
suggested water vapor emission from Ceres (9). 

Occator’s crater rim is scalloped, with multiple 
straight segments and several 90° bends, and its 
walls are terraced (Fig. 3A). The crater has ~4 km 
of relief from floor to rim (Fig. 3B). A smooth to 
knobby floor material embays the terraced wall 
material but is overlain by lobate flows whose 
margins suggest that they emanate from the center 
of the crater (Fig. 3C). Many of the bright-spot 
materials in Occator overlie the lobate flows and 
are strongly associated with fractures on its floor 
(Fig. 3, A to C). However, the largest bright spot is 
associated with a 9-km-wide, ~1-km-deep central 
pit (6, 10) that has a 2-km-wide, ~400-m-high 
central dome on its floor (6). Similar domes have 
been identified in large (>60-km diameter) central 
pit craters on Ganymede and Callisto (77); it has 
been hypothesized that these domes form due 
either to uplift of the surface during the impact 
event or to postimpact cryomagmatic intrusions 
in craters that impacted where target materials 
were ice-rich (11, 12). The similarity of the mor- 
phology of the Occator pit and dome to those 
seen in impact craters on Ganymede and Callisto 
implies that similar mechanisms may be operating 
on these three bodies. Therefore, the association 
of the most prominent bright spot in Occator 
with the central structure suggests that either 
uplift or localized extrusion is involved in bright- 
spot formation. 


Floor-Fractured Craters 


Several of the impact craters on Ceres have pat- 
terns of fractures on their floors (Figs. 3D and 4). 
These fractures appear similar to those found 
within a class of lunar craters referred to as Floor- 
Fractured Craters (FFCs) (13). Lunar FFCs are 
characterized by crater floors cut by radial, con- 
centric, and/or polygonal fractures (13). The 
depth versus diameter (d/D) relationship of the 
FFCs is distinctly shallower than the same as- 
sociation for other lunar craters (14). FFCs have 
been classified into crater classes, Types 1 to 6, 
based on their morphometric properties (13-15). 
Models for FFC formation have invoked both 
floor uplift due to magmatic intrusion beneath 
the crater (13-15) or floor shallowing due to 
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viscous relaxation [e.g., (16)] to explain their 
anomalously shallow floors. 

FFCs have also been identified on Mars (17). 
Martian FFCs exhibit morphological character- 
istics similar to the lunar FFCs, but many of 
their rims have been highly dissected. Analyses 
suggest that the martian FFCs also formed due 
to volcanic activity but that the final morpholo- 
gies were heavily influenced by interactions with 
groundwater and/or ice (17). 

As on the Moon, the style of fracturing within 
Ceres FFCs can vary from crater to crater. We 
have cataloged the Ceres FFCs according to the 
classification scheme designed by (13) and used 
by (/4, 15). Occator crater has several sets of frac- 
tures on its floor, including circumferential frac- 
tures encircling the central pit, linear fractures 
crossing its floor, and circumferential fractures 
close to the crater wall (Fig. 3D). Dantu crater 
(126-km diameter) similarly has both circumfer- 
ential and radial fractures on its floor (Fig. 4A), 
whereas Azacca crater (49.9-km diameter) has 
only linear fractures (Fig. 4B). These large (>50 km) 
craters are most consistent with Type 1 lunar FFCs, 
which are described as generally large craters 
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with deep floors, central peak complexes, ex- 
tensive wall terraces, and radial and/or concentric 
fractures (13); they were found to be most con- 
sistent with formation by magmatic intrusion 
(5, 16). 

Other craters on Ceres are more consistent 
with Type 4 FFCs (13). These lunar craters are 
defined by the presence of a V-shaped moat sep- 
arating the wall scarp from the crater interior. 
However, there are three subclasses (4a, 4b, and 
4c) that differ in the depth of the moat, whether 
there is an inner ridge associated with the moat, 
and how pronounced the floor fractures are (15). 
Viscous relaxation models were unable to pro- 
duce moats of any shape in the crater interiors 
(e.g., 16, 18), but in magmatic intrusion models, a 
V-shaped moat marks the extent of the subsurface 
intrusion (15). Lociyo crater is representative of 
a Ceres Type 4b crater. It has a hummocky interior, 
with subdued grooves instead of sharp fractures 
(Fig. 4C), and its topographic profile shows V- 
shaped moats and interior ridges (Fig. 4E). 

An analysis of the d/D ratio of the Ceres FFCs 
shows that they are anomalously shallow com- 
pared with average Ceres craters (Fig. 4D). The 
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shallow d/D of Ceres FFCs is similar to that ob- 
served for the lunar FFCs (15) and suggests that 
these craters may also be experiencing an in- 
trusion of a low-density material from below the 
craters that has uplifted their floors. Although on 
the Moon and Mars the intrusive material is 
hypothesized to be silicate magma, this is unlikely 
for Ceres. However, a cryovolcanic extrusive edifice 
has been identified on Ceres (19), suggesting that 
cryomagmatic intrusions could be responsible 
for the formation of the Ceres FFCs. 


Polygonal craters 


Polygonal craters, a type of crater whose rims 
are composed of at least two straight segments, 
are widespread on Ceres (Fig. 5). These angular 
craters are commonly found on asteroids, such 
as Mathilde (20), Eros (27), and Lutetia (22), and 
have also been identified on icy moons such as 
Iapetus (23) and Dione (24). Polygonal craters 
have been hypothesized to form when preexist- 
ing subsurface fracturing affects crater forma- 
tion (20), causing crater rims to form parallel to 
preexisting planes of weakness (25, 26). Their 
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widespread presence on Ceres suggests that the 
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Fig. 1. The geologic map of Ceres based on Survey orbit data. The map, presented at 1:10 M scale, is displayed in simple cylindrical projection, with legend. 
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crust is extensively fractured, which in turn 
suggests that the near-surface crust must be both 
brittle enough to fracture and strong enough to 
retain fractures for long periods of time (3). 


Linear structures 


Kilometer-scale linear structures—including grooves, 
pit crater chains, fractures, and troughs—cross much 
of Ceres (Figs. 1 and 6). Some of these structures 
appear to be radial to the large craters Urvara 
and Yalode (Fig. 6A) and most likely formed due 


to impact processes. However, a set of regional 
linear structures named the Samhain Catenae 
do not have any obvious relationship to impact 
craters, and a geomorphic analysis suggests that 
they represent subsurface faults. 

The majority of the Samhain Catenae are made 
up of linear assemblages of small depressions, 
although there are also some grooves and one 
large trough identified as belonging to this group 
of structures. The lack of raised rims on the merged 
pits of the Samhain Catenae (Fig. 6B) makes it 


unlikely that these are secondary crater chains 
(27). Instead, the morphology of the Samhain 
Catenae more closely resembles that of pit crater 
chains, a type of feature identified on many 
planetary bodies, including Earth, Mars, Enceladus, 
Eros, and Vesta (28). There is a strong correla- 
tion between pit crater chains and fault-bounded 
graben on Mars (29), and they have been hypoth- 
esized to represent buried normal faults on a 
number of small bodies (28). The theory suggests 
that sudden widening (dilation) at steep sections 
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Fig. 2. Ceres topography. (A) Stereophotogrammetric digital terrain model 
of Ceres (displayed in simple cylindrical projection), overlying the Survey global 
mosaic. Heights are relative to the triaxial ellipsoid dimensions (482 by 482 by 
446 km). The white dashed circle outlines Hanami Planum. (B) The Ceres 
hypsogram, which shows elevations as height above the equipotential surface 
of Ceres as determined by the gravity field (CERES 18b, truncated at degree 11). 
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The standard deviation is 1.842 km, the skewness is —0.17, and the kurtosis is 
2.65. The curve has a slightly longer tail in the negative direction. (©) Hypsograms 
of Mercury, Venus, Earth, Mars, the Moon, and Titan from (8), for comparison. Only 
Earth and Mars have bimodal distributions. Most hypsograms have a positive 
skew, with a long tail in the positive direction. Only Titan shows a negative skew, 
similar to that found for Ceres. 
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Fig. 3. Occator crater. (A) HAMO mosaic of Occator crater (140 m/pixel). North is up. Inset shows 
location of (C). Red arrows point to 90° bends in the crater rim. (B) HAMO topography of Occator overlain 
onthe HAMO mosaic. (©) LAMO resolution (35 m/pixel) mosaic of the lobate flows in Occator. Red arrows 
point to flow margins. White arrows point to fractures on the crater floor. (D) Map of the fractures on the 
floor of Occator. The crater rim is outlined. 


Fig. 4. FFCs. HAMO 
mosaics (140 m/pixel) 
of (A) Dantu crater, 
(B) Azacca crater, 

and (C) Lociyo crater. 
(D) Depth-to-diameter 
ratio of the FFCs cur- 
rently identified on 
Ceres. Red dots are 
FFCs on Hanami 
Planum; black dots rep- 
resent FFCs located 
elsewhere on Ceres. 
The black line is a 
second-order polyno- 
mial fit to the depth- 
to-diameter ratio for 
the average Ceres 
crater, as derived by (6). 
(E) The topographic 
profile of Lociyo crater 
shows the V-shaped 
moats and interior 
ridges characteristic of 
a Type 4 FFC. 
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of the buried fault causes overlying material to 
collapse into the openings along its length (29). 
The individual pits can then merge together to 
form merged pits, and eventually grooves, as the 
feature matures (29). This maturation of pit crater 
chains is a probable cause for the occasional 
groove and merged pits found among the Samhain 
Catenae (Fig. 6B). 

Polygonal craters in close proximity to the 
Samhain Catenae have straight crater rims aligned 
with the grooves and troughs (Fig. 5). This align- 
ment supports our inference that the Samhain 
Catenae are in fact fracture systems, not ejecta 
scour or secondary craters. The orientation of the 
Samhain Catenae relative to each other is sug- 
gestive of en echelon fractures; many of the longer 
Samhain Catenae are made up of smaller struc- 
tures that have joined together via S-shaped link- 
ages (Fig. 6B). A cross section of one Samhain 
Catena structure is displayed in the wall of Occator 
crater, at the locations where the crater rim sud- 
denly bends 90° in both the western and eastern 
walls of the crater (Figs. 3A and 6C). Profile views 
of the Occator wall at these locations suggest that 
(i) the structure dips ~60° and (ii) there is down- 
ward motion on the hanging wall, strongly im- 
plying normal faulting. Many of the Samhain 
Catenae are crosscut by the linear features radial 
to Urvara and Yalode (Fig. 6A), indicating that 
they are older than fractures formed during those 
impact events. 

By mapping the Samhain Catenae directly 
onto the Ceres shape model and modeling them 
as planes that cut through the dwarf planet, we 
were able to determine an approximate strike 
and dip for the underlying faults by plotting the 
pole directions of the modeled planes on a lower- 
hemisphere graph (a stereonet) (Fig. 6D). Clustering 
of the vole directions (Fig. 6D) suggests that the 
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Samhain Catenae represent similarly oriented 
planes and implies a common formation mech- 
anism of the corresponding structures. In similar 
analyses of linear structures on Vesta (5) and 
Eros (30), the coordinates of the pole cluster 
correlated to an impact crater, which was then 
theorized to have produced the impact stresses 
that caused the faults to form. However, the poles 
of the Samhain Catenae do not correspond to 
any visible impact crater on Ceres, making it un- 
likely that they formed due to impact stresses. 

The extent of the Samhain Catenae is con- 
strained to Hanami Planum (Figs. 1 and 2). This 
roughly circular, topographically high region, 
555 km in diameter, is also the location of many 
of the currently identified FFCs (Fig. 4, red dots). 
If we accept that the FFCs have fractured floors 
due to cryomagmatic intrusion beneath their 
floors, as is thought for the Moon (3-15), then 
it seems reasonable to hypothesize that the high- 
standing regions that they are predominantly 
found upon may be elevated due to intrusion 
of a lower-density material. The uplift of the 
crust due to this putative intrusion could pos- 
sibly be responsible for the formation of the 
Samhain Catenae. 

Patterns of smaller-scale linear structures have 
been identified on the topographic high regions 


Fig. 6. Regional linear 
structures. (A) Survey 
image (415 m/pixel) of 
Urvara (left) and Yalode 
(right) craters. White 
arrows point to linear 
structures radial to the 
craters. Black arrows 
point to linear struc- 
tures in (B). (B) HAMO 
(140 m/pixel) Framing 
Camera clear-filter 
image of regional linear 
structures (north is up). 
The pits do not have 
rims, suggesting that 
these are pit crater 
chains (PCCs), not 
impact crater chains. 
The northernmost PCC 
deforms the south- 
western rim of Kirnis 
crater. Black arrows 
point to S-shaped junc- 
tions connecting three 
smaller en echelon 
structures. (C) Survey 
image (415 m/pixel) of 
a regional linear struc- 
ture (black arrows) that 
cuts the rim of Occator 
crater (white arrow 
points to 90° bend in 
Occator’s western 
rim). (D) Stereonet 


iS 


Fig. 5. Polygonal craters. A Survey (415 m/pixel) image of Ceres showing several polygonal craters 
in the vicinity of kilometer-scale linear structures (white arrows). Black arrows point to the straight 
rims of polygonal craters that are aligned with the Samhain Catenae. 


plots of the Samhain Catenae. Pole positions cluster, centered at ~45°N, ~300°E. (E) LAMO image (35 m/pixel) of a system of fractures at 16.6°N, 237.1°E 
that strongly resembles fracturing associated with asymmetric domal uplift. 
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Fig. 7. Domical 
features on Ceres. 
(A) Global map, based 
on HAMO (140 m/pixel) 
grayscale imagery. 
Large domes are out- 
lined in red; small 
mounds are marked by 
yellow dots. Ahuna 
Mons is the red outline 
filled in with yellow. 

(B) Color HAMO 
topography model over 
HAMO grayscale image 
of a 53-km dome at 
42°N, 10°E, located 
within an unnamed 
135-km crater. The 
white arrow points to 
the large dome; the 
black arrow points to 
nearby Oxo crater, 
where surface water ice 
has been identified (47). 
(C) LAMO (35 m/pixel) 
grayscale image of 
small mound (white 
arrow) with a summit 
pit identified in Yalode 
crater at 45.5°S, 295.7° E. 
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near the Samhain Catenae (Fig. 6E), which are 
consistent with models of asymmetrical domal 
uplift (37). This system shows apparent broad 
outer arc extension, with at least two central 
peaks (Fig. 6E, black arrows). Away from these 
peaks, the fracturing transitions to radial fault 
patterns, which geological models have shown 
can occur due to the change in stress orientation 
that occurs at the edge of a dome (37). 

Similar structures form on the surface of salt 
domes on Earth (37). Terrestrial salt domes form 
when layers of evaporite minerals are buried under 
a denser overburden material; salts are buoyant 
under these conditions and can intrude into the 
overlying rock strata (32). Differential loading of 
the overburden material is a driving force in ter- 
restrial salt tectonics, but thick layers of either 
the cover material or the salt itself are not neces- 
sarily required (33). Instead, salt flow can occur 
where there is a laterally varying (32), or even a 
thin (33), overburden thickness. The growth of 
the salt diapirs then creates pressure on the sur- 
face materials, deforming the overlying material. 
Where the salt extrudes onto the surface, lobate 
flows can form. 

Salt tectonics is at least theoretically possible 
on Ceres. Layers of salt have long been hypothe- 
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sized to exist deep within the so-called ocean 
worlds (34-37), which include Ceres (34). Com- 
positional upwelling similar to terrestrial salt 
dome formation has even been hypothesized to 
occur (35). The interior of Ceres has been deter- 
mined to contain a silicate core, a water-rich 
mantle, and a mechanically strong crust (3). The 
main components of the crust were determined 
to be rock, ice, and salt hydrates (3), including car- 
bonates (38), ammoniated phyllosilicates (38, 39), 
and a dark material that is thought to be magnetite 
(38). Although these crustal materials are not 
particularly dense, the putative subsurface salts 
would have even lower densities (28), and so 
salt diapirism could potentially occur. The struc- 
ture patterns identified on the surface of Ceres 
(Fig. 6E), while not exclusively indicative of salt 
upwelling, are certainly suggestive of it. 


Domes and mounds 


Domical features on Ceres fall into two broad 
classes: large domes that are 10s to 100s of kilome- 
ters in diameter, with heights 1 to 5 km, and small 
mounds <10 km in diameter exhibiting sub- 
kilometer relief (Fig. 7). However, whether or 
not a single formation mechanism is responsible 
for their formation is still an open question. The 
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28 large domes identified in HAMO images are 
circular to ovoid in plan form, are 30 to 100 km 
in diameter, and typically exhibit 2 to 5 km of relief 
(Fig. 7B). They are commonly, but not exclusively, 
located in large impact basins. Detailed geomor- 
phic analysis and physical modeling of the 4-km- 
high Ahuna Mons suggest that this large dome is 
most likely a cryovolcanic edifice formed by the 
extrusion of a viscous water-ice-silicate mixture 
(19). The other large domical features (Fig. 7A, red 
outlines) are suggested to also be cryovolcanic in 
nature, although perhaps of a different age and/ 
or rheology (19). 

Of the ~200 small mounds identified (Fig. 7A, 
yellow dots), many are located preferentially in 
smooth regions associated with impact materials. 
These mounds are thus most likely impact debris, 
or possibly preexisting topography embayed or 
draped by smooth material, analogous to mounds 
observed in lunar-impact melt sheets. Early analysis 
of these features was motivated by the expecta- 
tion that localized cryovolcanic activity or frost- 
heave phenomena might occur in crater interiors 
soon after impact if Ceres’ shallow subsurface 
were ice-rich. So far there is little morphological 
evidence that these features are genetically re- 
lated to ice, although there are individual small 
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Fig. 8. Lobate flows on Ceres. White arrows point to flow margins. Yellow arrows point away from the Sun (yellow dot) in the direction of illumination. (A) Type 
1 flow. (B) Type 2 flow. (C) Type 3 flow. (D) Location of lobate flows on Ceres. Blue crosses represent Type 1 flows, green triangles are Type 2 flows, and yellow dots 


are Type 3 flows. 


mounds (e.g., Fig. 7C) for which an ice-rich or- 
igin cannot be ruled out. 


Lobate flows 


A range of mass-wasting flows are observed 
across the surface of Ceres, and differences in 
their morphology suggest that multiple emplace- 
ment processes might be operative. These fea- 
tures, which are always associated, either internally 
or externally, with the rims of impact craters, 
are broadly divided into three types, based on 
their morphology. 

Type 1 flows (Fig. 8A) are lobate, have notably 
steep frontal toes, and are usually >100 m thick 
at their termini. They are as wide as their source, 
possessing nested sets of parallel linear furrows 
10s of meters deep along the direction of down- 
slope motion and steep-fronted toes with distal 
ramparts. These lobate flows occur in high-latitude 


SCIENCE sciencemag.org 


craters and morphologically are similar to ice- 
cored and ice-cemented flows on Earth (40, 41) 
and Mars (42). Type 1 flows are found typically 
above 50° latitude (Fig. 8D). 

Type 2 flows (Fig. 8B) have long, fan-shaped 
thin flows that originate at a crater wall. Thinner 
than Type 1 flows (generally between 10 and 100 m 
thick at their termini), they traverse generally longer 
distances despite their shallow slopes. They range 
from relatively narrow to broad, having conical to 
lobate shapes, but are always composed of platy 
sheets with rounded tapered toes. Morphologi- 
cally, these flows are similar to long-runout land- 
slides found on icy satellites such as Iapetus (43). 
Type 2 flows are found across Ceres but mainly at 
mid to high latitudes (Fig. 8D). 

In Type 3 flows (Fig. 8C), broad sheets of smooth 
material, which are thinner than Type 1 flows at 
10 to 100 m thick at their termini, extend out- 
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ward from crater rims, terminating in layered 
sets of lobes or cusps. Their acute triangular lobes, 
absence of deep furrows, and textures—relatively 
smooth surfaces interspersed with hummocky 
regions—are similar to the morphology of fluidized 
ejecta blankets of rampart craters on Mars [e.g., 
(44, 45)] and Ganymede (46), features that are 
commonly thought to form by impact into ice-rich 
ground. Type 3 flows are found in low to mid lat- 
itudes (Fig. 8D) and are wider than Type 2 flows. 


Discussion and conclusions 


The lack of a large inventory of relaxed craters on 
Ceres suggests that its crust is too strong to be 
dominated by ice (3, 6, 7). Similarly, the presence 
of ancient surface fractures, and extensive sub- 
surface fracturing (as demonstrated by the wide- 
spread distribution of polygonal craters), is more 
consistent with a mechanically strong crust, not 
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an ice-dominated crust (3). These observations 
are consistent with spectroscopic analyses that 
have currently identified surface water ice at only 
one location on Ceres (47). However, studies have 
shown that a crust strong enough for both neg- 
ligible crater relaxation and the preservation of 
linear structures could be provided by a mixture 
of ice, rock, and/or salt hydrates (48). 


The identification of potentially ice-related geo- 


morphic features suggests that there may be some 
ice in localized regions in the crust on Ceres. 
Global mapping of the lobate flows shows that 
there is a latitudinal trend in the distribution of 
the observed type morphologies (Fig. 8D). This, 
along with their morphologic similarity to fea- 
tures that form on other planetary bodies by 
varying ice-related processes, suggests that the 
differences in lobate flow morphology might be 
explained by variations in ice content and tem- 
perature in the near surface. 


Likewise, there is geomorphic evidence that 


the interior of Ceres is ice-rich, as models (3) have 
suggested. Geomorphic and topographic analyses 
of the FFCs suggest that cryomagmatism has been 
active on Ceres. The central dome on the floor of 
Occator crater also indicates that cryomagmatism 
may have occurred. In addition, Ahuna Mons and 
the other large domes appear to be cryovolcanic 
in nature (19). 


In conclusion, although the observed geo- 


morphic features are not consistent with an ice- 
dominated crust, they are consistent with Ceres 
having an ice-rich upper mantle and a crust that 
is composed of a rock-ice mixture. 


REFERENCES AND NOTES 


1. 


10. 


lL. 


12. 


aaf4332-8 


C. T. Russell, C. A. Raymond, The Dawn mission to Vesta and 
Ceres. Space Sci. Rev. 163, 3-23 (2011). doi: 10.1007/s11214- 
011-9836-2 

H. Sierks et al., The Dawn Framing Camera. Space Sci. Rev. 
163, 263-327 (2011). doi: 10.1007/s11214-011-9745-4 

C. T. Russell et a/., Dawn arrives at Ceres: Exploration of a 
small, volatile-rich world. Science 353, 1008-1010 (2016). 

R. A. Yingst et al., Geologic mapping of Vesta. Planet. Space 
Sci. 103, 2-23 (2014). doi: 10.1016/j.pss.2013.12.014 

R. Jaumann et al., Vesta’s shape and morphology. Science 336, 
687-690 (2012). doi: 10.1126/science.1219122; 

pmid: 22582254 

H. Hiesinger et al., Cratering on Ceres: Implications for its crust 
and evolution. Science 353, aaf4759 (2016). 

M. T. Bland, Predicted crater morphologies on Ceres: Probing 
internal structure and evolution. Icarus 226, 510-521 (2013). 
doi: 10.1016/j.icarus.2013.05.037 

R. D. Lorenz et al., Hypsometry of Titan. Icarus 211, 699-706 
(2011). doi: 10.1016/j.icarus.2010.10.002 

M. Kiippers et a/., Localized sources of water vapour on the 
dwarf planet (1) Ceres. Nature 505, 525-527 (2014). 

doi: 10.1038/nature12918; pmid: 24451541 

A. Nathues et al., Sublimation in bright spots on (1) Ceres. 
Nature 528, 237-240 (2015). doi: 10.1038/naturel5754; 
pmid: 26659183 

P. M. Schenk, Central pit and dome craters: Exposing the 
interiors of Ganymede and Callisto. J. Geophys. Res. 98 (E4), 
7475-7498 (1993). doi: 10.1029/93JE00176 

V. J. Bray, P. M. Schenk, H. J. Melosh, J. V. Morgan, 

G. S. Collins, Ganymede crater dimensions - Implications for 


13. 


14. 


1. 


16. 


17. 


18. 


19. 


20. 


al. 


22. 


23. 


24. 


25: 


26. 


27. 


28. 


29. 


30. 


31. 


32. 


33. 


34. 


2 SEPTEMBER 2016 « VOL 353 ISSUE 6303 


central peak and central pit formation and development. Icarus 
217, 115-129 (2012). doi: 10.1016/j.icarus.2011.10.004 

P. H. Schultz, Floor-fractured lunar craters. Moon 15, 241-273 
(1976). doi: 10.1007/BF00562240 

L. M. Jozwiak, J. W. Head, M. T. Zuber, D. E. Smith, 

G. A. Neumann, Lunar floor-fractured craters: Classification, 
distribution, origin and implications for magmatism and 
shallow crustal structure. J. Geophys. Res. 117, 2012JE004134 
(2012). doi: 10.1029/2012JE004134 

L. M. Jozwiak, J. W. Head, L. Wilson, Lunar floor-fractured 
craters as magmatic intrusions: Geometry, modes of 
emplacement, associated tectonic and volcanic features, and 
implications for gravity anomalies. Icarus 248, 424-447 
(2015). doi: 10.1016/j.icarus.2014.10.052 

J. L. Hall, S.C. Solomon, J. W. Head, Lunar floor-fractured 
craters: Evidence of viscous relaxation of crater topography. 
J. Geophys. Res. 86 (B10), 9537-9552 (1981). doi: 10.1029/ 
JBO86iB10p09537 

M. Bamberg, R. Jaumann, H. Asche, T. Kneissl, G. G. Michael, 
Floor-fractured craters on Mars —- Observation and origin. 
Planet. Space Sci. 98, 146-162 (2014). doi: 10.1016/ 
j.pss.2013.09.017 

A. J. Dombard, J. Gillis, Testing the viability of topographic 
relaxation as a mechanism for the formation of lunar floor- 
ractured craters. J. Geophys. Res. 106 (E11), 27901-27909 
(2001). doi: 10.1029/2000JE001388 

O. Ruesch et al., Cryovolcanism on Ceres. Science 353, 
aaf4286 (2016). 

P. C. Thomas et al., Mathilde: Size, shape and geology. Icarus 
140, 17-27 (1999). doi: 10.1006/icar.1999.6121 

L. Prockter et al., Surface expressions of structural features on 
Eros. Icarus 155, 75-93 (2002). doi: 10.1006/icar.2001.6770 
M. Massironi et al., Geological map and stratigraphy of asteroid 
21 Lutetia. Planet. Space Sci. 66, 125-136 (2012). doi: 10.1016/ 
j.pss.2011.12.024 

C. C. Porco et al., Cassini imaging science: Initial results on 
Phoebe and lapetus. Science 307, 1237-1242 (2005). 

doi: 10.1126/science.1107981; pmid: 15731440 

C. B. Beddingfield, D. M. Burr, L. T. Tran, Polygonal impact 
craters on Dione: Evidence for tectonic structures outside the 
wispy terrain. Icarus 274, 163-194 (2016). doi: 10.1016/ 
j.icarus.2016.03.020 

D. T. Eppler, R. Ehrlich, D. Nummedal, P. H. Schultz, Sources of 
shape variation in lunar impact craters — Fourier shape 
analysis. Geol. Soc. Am. Bull. 94, 274-291 (1983). doi: 10.1130/ 
0016-7606(1983)94<274:SOSVIL>2.0.C0;2 
. Ohman, M. Aittola, V.-P. Kostama, J. Raitala, J. Korteniemi, 
Polygonal impact craters in Argyre region Mars: Implications 
or geology and cratering mechanics. Meteorit. Planet. Sci. 43, 
605-1628 (2008). doi: 10.1111/j.1945-5100.2008.tb00632.x 
V. R. Oberbeck, R. H. Morrison, Laboratory simulation of the 
herringbone pattern associated with lunar secondary crater 
chains. Moon 9, 415-455 (1974). doi: 10.1007/BF00562581 
D. L. Buczkowski, D. Y. Wyrick, Tectonism and magmatism 
identified on asteroids. Geol. Soc. Lond. Spec. Publ. 401, 
423-44] (2014). doi: 10.1144/SP401.18 

D. Y. Wyrick, D. A. Ferrill, A. P. Morris, S. L. Colton, D. W. Sims, 
Distribution, morphology, and origins of martian pit crater 
chains. J. Geophys. Res. 109, E06005 (2004). doi: 10.1029/ 
2004JE002240 
D. L. Buczkowski, 0. S. Barnouin-Jha, L. M. Prockter, 433 Eros 
ineaments: Global mapping and analysis. Icarus 193, 39-52 
(2008). doi: 10.1016/j.icarus.2007.06.028 

D. W. Sims et al., Analog modeling of normal faulting above 
Middle East domes during regional extension. Am. Assoc. Pet. 
Geol. Bull. 97, 877-898 (2013). 

M. R. Hudec, M. P. A. Jackson, Terra infirma: Understanding 
salt tectonics. Earth Sci. Rev. 82, 1-28 (2007). doi: 10.1016/ 
j.earscirev.2007.01.001 

J.-P. Brun, X. Fort, Salt tectonics and passive margins: Geology 
versus models. Mar. Pet. Geol. 28, 1123-1145 (2011). 

doi: 10.1016/j.marpetgeo.2011.03.004 

J. C. Castillo-Rogez, T. B. McCord, Ceres’ evolution and present 
state constrained by shape data. Icarus 205, 443-459 (2010). 
doi: 10.1016/j.icarus.2009.04.008 


35. J. S. Kargel et al., Europa’s crust and ocean: Origin, 
composition and the prospects for life. Icarus 148, 226-265 
(2000). doi: 10.1006/icar.2000.6471 

36. N. A. Spaun, J. W. Head Ill, A model of Europa’s crustal 


structure: Recent Galileo results and implications for an ocean. 


J. Geophys. Res. 106 (E4), 7567-7576 (2001). doi: 10.1029/ 
2000JE001270 

37. M. Y. Zolotov, An oceanic composition on early and today’s 
Enceladus. Geophys. Res. Lett. 34, 2007GL031234 (2007). 
doi: 10.1029/2007GL031234 


38. M. C. De Sanctis et al., Ammoniated phyllosilicates with a likely 


outer solar system origin on (1) Ceres. Nature 528, 241-244 
(2015). doi: 10.1038/naturel6172; pmid: 26659184 

39. E. Ammannito et al., Distribution of phyllosilicates on Ceres. 
Science 353, aaf4279 (2016). 

40. S. E. White, Rock glaciers and block fields, review and new 


data. Quat. Res. 6, 77-97 (1976). doi: 10.1016/0033-5894(76) 


90041-7 
41. 0. Humlum, The geomorphic significance of rock glaciers: 
Estimates of rock glacier debris volumes and headwall 


recession rates in West Greenland. Geomorphology 35, 41-67 


(2000). doi: 10.1016/$0169-555X(00)00022-2 


42. J. W. Holt et al., Radar sounding evidence for buried glaciers in 


the southern mid-latitudes of Mars. Science 322, 1235-1238 
(2008). doi: 10.1126/science.1164246; pmid: 19023078 

43. K. N. Singer, W. B. McKinnon, P. M. Schenk, J. M. Moore, 
Massive ice avalanches on lapetus mobilized by friction 


reduction during flash heating. Nat. Geosci. 5, 574-578 (2012). 


doi: 10.1038/ngeo1526 


44. M. H. Carr et al., Martian impact craters and emplacement of 
ejecta by surface flow. J. Geophys. Res. 82, 4055-4065 (1977). 


doi: 10.1029/JS082i028p04055 

45. L. E. Senft, S. T. Stewart, Impact crater formation into icy 
layered terrains on Mars. Met. Planet. Sci. 43, 1993-2013 
(2008). doi: 10.1111/j.1945-5100.2008.tb00657.x 

46. J. Boyce, N. Barlow, P. Mouginis-Mark, S. Stewart, Rampart 
craters on Ganymede: Their implications for fluidized ejecta 
emplacement. Met. Planet. Sci. 45, 638-661 (2010). 
doi: 10.1111/j.1945-5100.2010.01044.x 

47. J.-Ph. Combe et al., Detection of local H2O exposed at the 
surface of Ceres. Science 353, aaf3010 (2016). 

48. W. B. Durham, S. H. Kirby, L. A. Stern, Effects of dispersed 
particulates on the rheology of water ice at planetary 
conditions. J. Geophys. Res. 97, 20883-20897 (1992). 
doi: 10.1029/92JE02326 


ACKNOWLEDGMENTS 


We thank the Dawn Operations team, the Flight team, and the 
Instrument teams for all their work. M.B. and N.S. thank NASA's 


Dawn at Ceres Guest Investigator Program for support. Dawn data 


are archived with the NASA Planetary Data System. (http:// 
pds-smallbodies.astro.umd.edu/data_sb/missions/dawn/index. 
shtml). D.L.B. wrote the manuscript and coordinated coauthor 


contributions; performed the analysis of linear structures, Occator 


structures, and FFCs; and participated in the geologic mapping. 


B.E.S. led the Ground Ice Working group and the analysis of lobate 
flows. D.A.W., S.C.M., and J.E.C.S. participated in the Survey global 


geologic map. A.I.E. evaluated the Ceres hypsogram, and F.P. 


worked on the Ceres topography. P.S., K.A.0., H.H., D.O., S.M., and 


T.P. all contributed to the evaluation of Ceres craters. P.S. led 
the study of Occator’s central dome and its similarity to central 
domes on other icy bodies. H.S. mapped the global extent of 
domes, and K.H. mapped the global extent of lobate flows. H.C., 


S.B., M.B., H.S., and T.P. participated in the evaluation of potential 


ice-cored features. R.J., T.R., M.V.S., A.N., M.C.D.S., and C.A.R. 
provided useful comments and suggestions during manuscript 


preparation. C.T.R. is the mission principal investigator and guided 


the research. 


SUPPLEMENTARY MATERIALS 


www.sciencemag.org/content/353/6303/aaf4332/suppl/DC1 
Figs. S1 to S3 


6 February 2016; accepted 22 July 2016 
10.1126/science.aaf4332 


sciencemag.org SCIENCE 


Downloaded from http://science.sciencemag.org/ on September 1, 2016 


RESEARCH 


Cryovolcanism on Ceres 


O. Ruesch,* T. Platz, P. Schenk, L. A. McFadden, J. C. Castillo-Rogez, L. C. Quick, 

S. Byrne, F. Preusker, D. P. O’Brien, N. Schmedemann, D. A. Williams, J.-Y. Li, 

M. T. Bland, H. Hiesinger, T. Kneissl, A. Neesemann, M. Schaefer, J. H. Pasckert, 

B. E. Schmidt, D. L. Buczkowski, M. V. Sykes, A. Nathues, T. Roatsch, M. Hoffmann, 


C. A. Raymond, C. T. Russell 


INTRODUCTION: Classic volcanism prevalent 
on terrestrial planets and volatile-poor proto- 
planets, such as asteroid Vesta, is based on 
silicate chemistry and is often expressed by 
volcanic edifices (unless erased by impact bom- 
bardment). In ice-rich bodies with sufficiently 
warm interiors, cryovolcanism involving liquid 
brines can occur. Smooth plains on some icy 
satellites of the outer solar system have been 
suggested as possibly cryovolcanic in origin. 
However, evidence for cryovolcanic edifices 
has proven elusive. Ceres is a volatile-rich dwarf 
planet with an average equatorial surface tem- 
perature of ~160 K. Whether this small (~940 km 
diameter) body without tidal dissipation could 
sustain cryovolcanism has been an open ques- 
tion because the surface landforms and relation 
to internal activity were unknown. 


RATIONALE: The Framing Camera onboard 
the Dawn spacecraft has observed >99% of 
Ceres’ surface at a resolution of 35 m/pixel at 


visible wavelengths. This wide coverage and 
resolution were exploited for geologic map- 
ping and age determination. Observations 
with a resolution of 135 m/pixel were obtained 
under several different viewing geometries. 
The stereo-photogrammetric method applied 
to this data set allowed the calculation of a 
digital terrain model, from which morphom- 
etry was investigated. The observations re- 
vealed a 4-km-high topographic relief, named 
Ahuna Mons, that is consistent with a cryo- 
volcanic dome emplacement. 


RESULTS: The ~17-km-wide and 4-km-high 
Ahuna Mons has a distinct size, shape, and 
morphology. Its summit topography is concave 
downward, and its flanks are at the angle of 
repose. The morphology is characterized by 
(i) troughs, ridges, and hummocky areas at the 
summit, indicating multiple phases of activity, 
such as extensional fracturing, and (ii) down- 
slope lineations on the flanks, indicating rock- 


falls and accumulation of slope debris. These 
morphometric and morphologic observations 
are explained by the formation of a cryovol- 
canic dome, which is analogous to a high- 
viscosity silicic dome on terrestrial planets. 
Models indicate that extrusions of a highly 
viscous melt-bearing material can lead to 
the buildup of a brittle carapace at the sum- 

mit, enclosing a ductile 
core. Partial fracturing 
and disintegration of the 
carapace generates slope 
debris, and relaxation of 
the dome’s ductile core 
due to gravity shapes the 
topographic profile of the summit. Model- 
ing of this final phase of dome relaxation and 
reproduction of the topographic profile requires 
an extruded material of high viscosity, which 
is consistent with the mountain’s morphology. 
We constrained the age of the most recent 
activity on Ahuna Mons to be within the past 
210 + 30 million years. 


CONCLUSION: Cryovolcanic activity during 
the geologically recent past of Ceres constrains 
its thermal and chemical history. We propose 
that hydrated salts with low eutectic temper- 
atures and low thermal conductivities enabled 
the presence of cryomagmatic liquids within 
Ceres. These salts are the product of global aque- 
ous alteration, a key process for Ceres’ evolution 
as recorded by the aqueously altered, secondary 
minerals observed on the surface. 


The list of author affiliations is available in the full article online. 
*Corresponding author. Email: ottaviano.ruesch@nasa.gov 
Cite this article as O. Ruesch et al., Science 353, aaf4286 
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Wan. 


Perspective view of Ahuna Mons on Ceres from Dawn Framing Camera data (no vertical exaggeration). The mountain is 4 km high and 17 km 
wide in this south-looking view. Fracturing is observed on the mountain's top, whereas streaks from rockfalls dominate the flanks. 
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Volcanic edifices are abundant on rocky bodies of the inner solar system. In the cold outer 
solar system, volcanism can occur on solid bodies with a water-ice shell, but derived 
cryovolcanic constructs have proved elusive. We report the discovery, using Dawn Framing 
Camera images, of a landform on dwarf planet Ceres that we argue represents a viscous 
cryovolcanic dome. Parent material of the cryomagma is a mixture of secondary minerals, 
including salts and water ice. Absolute model ages from impact craters reveal that extrusion 
of the dome has occurred recently. Ceres’ evolution must have been able to sustain recent 
interior activity and associated surface expressions. We propose salts with low eutectic 
temperatures and thermal conductivities as key drivers for Ceres’ long-term internal evolution. 


he nature of Ceres’ landforms and their 

relation to potential interior activity were 

unknown until the arrival of NASA’s Dawn 

spacecraft in March 2015 (J). Ceres has a 

silicate interior overlain by an outer layer 
rich in volatiles (7, 2) and a regolith bearing car- 
bonates and phyllosilicates (3). Annual average 
surface temperature at the equator is ~160 K (4). 
Volcanism involving melt composed mostly of 
brines and other volatiles has been suggested 
on a theoretical basis for that type of body (5), 
differing from that of silicate volcanism on ter- 
restrial planets. Some icy satellites of the outer 
solar system have surfaces dominated by plains of 
probable cryovolcanic origin (6-8). Evidence for 
cryovolcanic extrusive edifices such as volcanoes 
or domes remains elusive, however (9-11). The 
Dawn Framing Camera (FC) (12) acquired multi- 
band visible images at a resolution of 35 m/pixel, 
covering >99% of Ceres’ surface. A digital ter- 
rain model was calculated from stereophoto- 
grammetry at a resolution of 205 m/pixel (Materials 
and methods). An isolated mountain, named 
Ahuna Mons [centered at 10.3°S, 316.2°E, (D], 
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has been identified (Fig. 1). Topographic rises 
broader than Ahuna Mons are common on Ceres 
(13), but the mountain is distinct in its size, shape, 
and morphology. 


Regional context 


The photogeologic map presented in Fig. 1D rep- 
resents a discretization of the surface geology 
into three-dimensional units formed by distinct 
events and processes. Map units were defined 
and characterized through visual investigation of 
surface texture and morphology, quantitative 
investigation of albedo and topography, and de- 
termination of ages on the basis of relative stra- 
tigraphy and crater size-frequency distributions 
(CSFDs). The area close to Ahuna Mons is mod- 
erately cratered (14) and is dissected by troughs 
(in the “cratered unit”; Fig. 1D, brown). Topograph- 
ically, it presents two positive reliefs (a tholus 
and a mons) and two negative reliefs (crater A 
and crater B). The tholus is a ~30-km-wide topo- 
graphic bulge (Fig. 1D), with an irregular base 
rising ~2 km above the surroundings. A ~40-km- 
diameter impact crater (Fig. 1D, crater A) cuts the 
southern part of the tholus and is thus younger. 
The northern section of this crater floor is filled 
with material displaying two parallel ridges a few 
kilometers long. The origin of the fill could be 
ejecta from adjacent impacts or other material 
related to the continuing development of the 
tholus after the formation of crater A. North of 
the tholus is a 17-km-diameter and moderately 
degraded impact crater (Fig. 1D, crater B) that 
may have contributed to the fracturing of the 
subsurface near the tholus. Ahuna Mons is lo- 
cated southeast of the 17-km-diameter impact 
crater and dominates the northern flank of the 
tholus (Fig. 2B). The basal planform of Ahuna 
Mons is elliptical (21 by 13 km), and its topo- 
graphic profile is concave downward (Fig. 2C) 
with an elevation of ~4 km, leading to an aspect 


2 SEPTEMBER 2016 « VOL 353 ISSUE 6303 


ratio (height/basal average diameter) of ~0.24. The 
mountain is surrounded by a smooth-textured unit 
(Fig. 1D, “smooth unit,” blue), which is less cratered 
than adjacent material. The smooth unit may 
represent ejecta material from the 17-km-diameter 
crater or could be associated with the formation 
of the mountain. 


Morphology of Ahuna Mons 


Ahuna Mons consists of steep (30° to 40°) flanks 
of talus (slope debris) material (Fig. 3C, “talus unit,” 
green) and a slightly (~300 m deep) topograph- 
ically depressed (Fig. 3B) summit unit (Fig. 3C, 
“summit unit,” pink). Little accumulated debris 
at the base of the talus unit leaves a dramatically 
sharp contact between the talus and the sur- 
rounding smooth unit (Fig. 3A). The contact to 
the northwest is characterized by a curvilinear 
relief of smooth unit material, less than 50 m 
high, and oriented parallel to the mountain’s flank. 
It could represent uplifted and tilted material due 
to a subsurface intrusion or a compressional ridge 
formed by the edifice sagging and spreading (15). 
Downslope lineations are evident on the flanks 
and are likely caused by gravitationally driven 
rock falls (Fig. 3A). They are associated with 
photometrical and spectral variations (Materials 
and methods) (Fig. 4). The summit of Ahuna Mons 
is not covered by debris and displays a variety of 
structures. Troughs and ridges are present, with 
an average length of 1 km, 1 km maximum width, 
and variable orientation (Fig. 3C). They are plau- 
sibly formed by extensional forces in a brittle 
layer. Summit areas lacking troughs and ridges 
appear hummocky, with depressions smaller than 
1 km (Fig. 3C, “pit”) and hills less than 500 m in 
diameter (Fig. 3C, “knob”). Depressions can be the 
product of both exogenic (impacts) and endogen- 
ic (explosion or sublimation) events. Small hills 
could represent tilted blocks of a disrupted brittle 
layer or extrusion of new material penetrating 
the layer. 


Age of Ahuna Mons 


The ages of the smooth unit and the 17-km crater 
unit (crater B) sets the oldest possible formation 
age of Ahuna Mons because these units predate 
or are contemporaneous with the mountain for- 
mation. We measured CSFDs on these units and 
applied two different chronology models to de- 
rive absolute model ages (/4). Measurements of 
CSFDs were performed within a geographic infor- 
mation system (GIS) environment (Esri’s ArcGIS) 
by using the CraterTools add-in (16). The mea- 
surements were carried out on the basis of High 
Altitude Mapping Orbit FC clear-filter image, and 
the resulting CSFDs were analyzed in their cumu- 
lative form with the software CraterStats (17). One 
chronology model scales the lunar crater produc- 
tion and chronology functions to impact condi- 
tions on Ceres. This approach assumes for Ceres 
the same size-distribution of projectiles and the 
same time-dependence of the projectile flux as 
observed on the Moon (74). The alternative model 
derives a production function from the observed 
and extrapolated object size-frequency distribu- 
tion of the main asteroid belt and a chronology 
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function based on simulated collision rates in 
the main asteroid belt (/4). We determined that 
the smooth unit and the 17-km crater unit are 
of similar age: 210 + 30 million years and 160 + 
30 million years, respectively, using the Lunar 
Derived Model or 70 + 20 million years and 70 + 
20 million years, respectively, using the Asteroid 
Derived Model (Fig. 5). Both ages indicate that 
Ahuna Mons formed in the geologically recent 
past. Downslope lineations occur on young steep 
slopes of bodies where the regolith is immature 
(78). On asteroid Vesta, where the regolith develops 
at a lower rate than on Ceres (19), downslope 
lineations are erased on surfaces older than 200 
to 400 million years (78). Thus, these features on 
the flanks of Ahuna Mons are consistent with the 
young age inferred from crater size-frequency dis- 
tributions. Although the compositional or surface 
physical variation represented by the lineations is 
not discernible in the current data set, it is typical 
of recently exposed surfaces on Ceres, such as 


morphologically fresh impact craters. Addition- 
ally, a recent emplacement explains the sharp 
contact between the smooth and talus units be- 
cause with time and impact bombardment on 
the flank, the contact would become increasingly 
diffuse and gradated. 


Formation mechanisms 


The morphological units of the region near 
Ahuna Mons and their stratigraphic relations 
(Fig. 1D) are indicative of a geological construct. 
There is no evidence for compressional tectonism 
nor erosional features such as mesas. Likewise, 
surface upwarping by diapirism (buoyantly rising 
material), without piercing the surface, is excluded 
as a formation mechanism because it requires 
a thin elastic crust, for which no evidence has 
been found on Ceres (Materials and methods). 
Instead, the aspect ratio of Ahuna Mons points 
to a dome formed mostly through extrusion (20). 
The variety of morphologies characterizing the 
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Fig. 1. Geologic context of Ahuna Mons. (A) Perspective view of the Ahuna Mons region derived from 
FC images and digital terrain model (Materials and methods). The view is looking west, and the scene is 
~70 km wide in the foreground. (B) Perspective view of Ahuna Mons region looking southeast. Scene is 
~70 km wide in the foreground. (C) Cylindrical projection of the FC image (FC21A0039691) and digital 
terrain model shown in (A). (D) Geologic map of the region shown in (C), with colors corresponding to 


units shown in the stratigraphic column. 
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summit unit and the nonsystematic orientation 
of troughs and ridges are presumably manifes- 
tations of multiple dome-forming phases. In con- 
trast, solid-state extrusions on Earth, represented 
by salt plugs, are formed in a single phase of 
continuous, slow influx of plug material (27). The 
ductile plug material develops characteristic sur- 
face structures (such as folds and salt glaciers) 
(22) not observed on the summit unit. 

Multiple phases of fracturing and possibly 
small-scale extrusions (hills) recorded on the sum- 
mit indicate the composite nature of Ahuna Mons. 
This characteristic is analogous to high-viscosity 
volcanic domes on Earth that grow through a 
sequence of events such as extensional fracturing 
and extrusion of lobes (23-25). The summit unit 
thus represents a brittle dome carapace, formed 
by cooling of the outermost region of a ductile 
core. The fracturing of the carapace leads to its 
partial disintegration and production of boulders 
and smaller debris (26). Through mass wasting, 
these unconsolidated materials accumulate into 
talus. Thus, the talus formation is genetically part 
of the dome emplacement process and is not the 
result of erosion by impacts. 

The aspect ratio, talus collar, and summit mor- 
phologies are indicative of an extrusive volcanic 
dome, similar to those found on Earth and the 
Moon (Fig. 6) (20, 23, 27). The aspect ratio and 
absence of flow morphologies suggest that the 
ductile core has a relatively high viscosity (23), 
as discussed in detail below. Although the ma- 
terials compositions are different, the number 
of geomorphological analogies between Ahuna 
Mons and edifices on Earth suggests that other 
key properties (such as viscosity) between dif- 
ferent planetary bodies are similar and lead to 
comparable geomorphologic features. 


Modeling of topographic profile 

We verify that the observed topographic profile 
of the Ahuna Mons is similar to that of a viscous 
volcanic dome, as suggested by its aspect ratio. 
For this purpose, we assume that the profile of a 
static dome reflects the mechanical equilibrium 
between a brittle carapace enclosing a pressur- 
ized ductile material (28). A carapace thickness 
of several hundred meters, as inferred from the 
summit troughs (Materials and methods), repro- 
duce the concave downward profile of the Ahuna 
Mons summit (Fig. 7A), indicating that high- 
viscosity dome development is a viable mech- 
anism for the formation of the mountain. The 
farthest section (lower flank) of the profile is 
found to be of constant slope (Fig. 7, A and B, 
black line), as expected for talus (28). 

For estimates of rheological properties of the 
material, we turn to a dynamic model that de- 
scribes the lateral spreading of a dome under 
the effect of gravity (29, 30). The volume of the 
dome, calculated from the static model profile, 
is considered constant, and thus the dynamic 
model simulates only the final phase of dome 
evolution. Initial apparent dynamic viscosity of 
the dome material is set as a free parameter 
and is allowed to increase with time because of 
cooling and will halt the spreading. Modeling 
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Fig. 2. Topography of Ahuna Mons and adjacent bulge. (A) Color-coded digital terrain model. The 
location of profile B—B' and C-C' are indicated with black lines and are shown in (B) and (C). The half 
cross sections shown in blue are averaged and shown in Fig. 7B. (B) Topographic profile across the 
tholus and mons. The profile of Ahuna Mons is asymmetrical. (©) Topographic profile across the Ahuna 
Mons. The profile is relatively symmetrical. Elevations are relative to an ellipsoid (482 by 482 by 446 km). 


dome topography in this way (Fig. 7B) allows us 
to explore the range of initial apparent viscosity 
and the relaxation (spreading) time that repro- 
duce the topography of Ahuna Mons (Mate- 
rials and methods). The duration of spreading is 
constrained by a range of cooling time scales 
of the dome. The time scale based on radiative 
cooling is 4 x 10” years, whereas conductive cool- 
ing requires 3 x 10° years (Materials and meth- 
ods). The size and shape of the Ahuna Mons 
profile can be reproduced within the fast cool- 
ing time scale with an initial apparent viscosity 
of 4x 10” Pa s, or within the slow cooling time 
with an initial apparent viscosity of 3 x 10’° Pas 
(Fig. 7B). The viscosities are referred to as appar- 
ent because they represent the viscosity of the 
entire dome at the onset of spreading, including 
the ductile core and brittle carapace, which is 
known to mechanically limit the spreading of 
the dome. The effect of the carapace has been 
characterized as an increase in the apparent vis- 
cosity of the entire dome of approximately four 
orders of magnitude (37). This leads to initial 
actual dynamic viscosities ranging from 4 x 10" 
to 3 x 10“ Pas. The advance of the dome front is 
further reduced by the talus collar, and therefore, 
we consider this range as an upper estimate. This 
rheological evaluation confirms the highly viscous 
nature of the material inferred from morphology. 
Viscosities of terrestrial volcanic domes calculated 
from morphometry and detailed modeling of dome 
growth and evolution are up to 3 x 10” Pas, with- 
in the range estimated here (32). 


Discussion 


For the formation of Ahuna Mons, we thus propose 
a volcanic process involving ascent of cryomagma 
and extrusion onto the surface followed by dome 
development and spreading. Pathways for rising 
material were possibly provided by fractures pro- 
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duced by nearby impacts (Fig. 1D, crater B) and 
by the regional troughs (Fig. 1D). Second, large 
impacts on planetary bodies generate shock waves 
that can cause fracturing of the outermost layers 
at regions antipodal to impact structures (33). 
Ahuna Mons could be part of a broader, fractured 
antipodal region of Kerwan (10.9°S, 123.6°E), the 
largest preserved impact basin on Ceres with a 
diameter of ~280 km (/4). 

With the plausible initial viscosities presented 
above and Ceres composition revealed by the 
Dawn visible and near-infrared imaging spectrom- 
eter (3, 34), a few characteristics of the cryomagma 
can be proposed. Ceres has warmer surface tem- 
peratures than those of icy satellites (4) but is of 
relatively small size and lacks tidal dissipation 
as a heat source. Temperatures were predicted 
to be as warm as 230 K starting at >50 km depth 
(35), conditions at which the homologous tem- 
perature of water ice is low. Our results imply a 
long-term heat source in the interior as well as 
the presence of low-eutectic temperature mate- 
rials for the production of cryomagma (5). On 
the basis of mineralogical observations at the 
Occator crater (34), chloride salts may be present 
at depths within Ceres. The eutectic temperatures 
of chlorides are close to or lower than 230 K, 
hence enabling melt formation at ~50 km depth, 
or at shallower depths (35, 36). The presence of 
a few percent of melt lead to a decrease in vis- 
cosity by >5 orders of magnitude compared with 
the solid parent material, and even more if the 
melt is connected (37). We propose that the par- 
ent material of the cryomagma may consist of 
chloride-rich brines, the potential melt phase; sec- 
ondary minerals, such as carbonates and phyllo- 
silicates (3); and water ice. Crucial information 
on the extruded material at a microscopic scale— 
compositional and textural characteristics at a 
sample scale—is missing, and despite chloride 
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brines being frequent in terrestrial environments, 
relevant rheological data are lacking. As a con- 
sequence, we are unable to determine the melt- 
ing behavior of the proposed parent material 
(for example, the percentage of melt upon ex- 
trusion), nor the proportions of the components 
in the resulting cryomagma, or the exact mech- 
anism enabling its ascent and eruption. However, 
our understanding will improve with further de- 
termination of local-scale mineralogy and gravity 
measurements, as well as supporting experimen- 
tal measurements. The presence of low-eutectic 
salts is consistent with a past phase of aqueous 
alteration of the rocky component at a global 
scale, as indicated by the surface mineralogy (3). 
This process was key for Ceres chemical and 
thermal evolution because the interaction enabled 
the leaching of alkali, alkaline-earth, and other 
soluble materials from the rock into fluids. The 
aqueous alteration allowed the fluid to become 
enriched with impurities, such as salts of low 
thermal conductivity, and radionuclides (“°K in 
particular)—hence, the displacement of the main 
long-term heat source from the core to the mantle 
(38) where cryomagma production occurred. 

Although the broader and more degraded 
topographic rises on Ceres (13) are distinct from 
Ahuna Mons in several aspects, they might share 
a common formation process and imply that 
volcanic activity occurred over an extended peri- 
od. Their different morphologies might be re- 
lated to a change in the rheological properties 
of cryomagmas with time or during ascent, as 
proposed for lunar analogs (27). Ceres cryovol- 
canic activity and the composition of its cryomagma 
adds to the geological diversity of the solar system 
because they differ from volcanism of volatile- 
poor protoplanets. For example, on Vesta, volcan- 
ism based on igneous minerals was active only in 
the first tens of millions of years (39). The evolu- 
tion of Ceres, dictated by its volatile-rich compo- 
sition, resulted in the production of cryomagmatic 
liquids that enabled surface activity in geologically 
recent times. 


Materials and methods 
Description of digital terrain model method 


The stereo-photogrammetric processing of Ceres 
Framing Camera images is based on a software suite 
described in (40-44). The stereo-photogrammetric 
processing is segmented into five steps: photogram- 
metric block adjustment, multi-image matching, 
surface point triangulation, digital terrain model 
(DTM) generation, and basemap generation (42). 
The cartography system is the International As- 
tronomical Union system defined by the tiny crater 
Kait (7). The DTM used in this study is calculated 
with respect to an ellipsoid with a grid space of 
~205 m/pixel. The height is given with an un- 
certainty of 14 m. 


Discussion of diapirism as 
formation mechanism 


The surface topography of an elastic layer result- 
ing from an ascending spherical diapir was de- 
scribed by (45). With an elastic modulus of 1-10 
GPa and Ceres’ surface gravity of 0.28 m s” (J), 
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Fig. 3. Morphologies of Ahuna Mons. (A) FC image of the Ahuna Mons at a resolution of 35 m/pixel. Arrow 1 points to one of many brighter downslope 
lineations. Arrow 2 points to the sharp contact between smooth and talus units. Arrow 3 indicates where the smooth unit forms a relief extending along 
the contact with the talus unit. Cylindrical projection is centered at 10.3°S, 316.2°E. (B) Hill-shaded digital terrain model with superimposed 100 m contour lines. 
Key elevations are marked. Same location and projection as (A). (C) Close-up of the geologic map centered on Ahuna Mons. Same location and projection 


as (A). 


A 45° W 


Latitude 


10°S 


> en 


Longitude 


us S & iy A sat ke : t RS 
meen the BNL COO My tee ee Be oyeN 


Latitude 7 


10°S 


13°S 


0.84 0.88 0.92 0.96 1 


1.04 


1.08 


1.12 


Normal albedo/global average 


45° W Longitude 


40° W 


Fig. 4. Albedo map and color composite from FC images. (A) Mosaic of ~135 m/pixel, with color code indicating variations relative to the global normal 


albedo. Ahuna Mons is identified by its high albedo (red color) lineations. Image is ~70 km wide. (B) Mosai 


G (green) = 0.75 um, and B (blue) = 0.44 um /0.75 um]. Image is ~70 km wide. 


the high aspect ratio (edifice height/basal diam- 
eter) of Ahuna Mons (~0.24) can be produced by 
a thin elastic layer (<5 km) and a large density 
contrast (between diapir and surroundings) of 
>500 kg m™. Evidence for a thin elastic crust on 
Ceres is currently lacking (J, 14), while such a large 
density contrast would require a high concentra- 
tion of volatiles within a spatially limited (few 
tens of km) location. Hence the case for diapiric 
process and surface upwarping is not supported 
by existing conditions observed on Ceres. 
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Description of FC albedo 

and color mosaic 

The Framing Camera is equipped with filters 
covering the range 0.4 um to 1.0 um (72) for 
multi-spectral analyses. We used the global av- 
erage photometric models of Ceres derived from 
~400 m/pixel data (46) to correct the local scatter- 
ing geometry to incidence angle 30°, emission 
angle 0°, and phase angle 30° and remove the 
effect of local topography in ~135 m/pixel images 
(Fig. 4A). The photometrically corrected images 
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c of color ratio images [R (red) = 0.97 um /0.75 um, 


from multiple filters were rectified and map proj- 
ected, and combined to produce false-color mo- 
saic for the Ahuna Mons region. The false-color 
mosaic was calculated with the following reflec- 
tance ratios: red channel shows R(0.97 um)/R 
(0.75 um), green channel shows R(0.75 um) and 
blue channel shows R(0.44 um)/R(0.75 um), with 
R the reflectance at the given wavelength (Fig. 
4B). These ratios enable the identification of the 
changes in the visible spectrum of Ceres at glob- 
al and regional scales. The area surrounding 
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Fig. 5. Crater size-frequency distribution measurements of three areas in the Ahuna Mons region. 
(A and B) Two sets of production and chronology functions are applied in order to derive absolute model 
ages (14). (B) The Lunar Derived Model gives the following absolute model ages: cratered unit (crosses), 
1.55 + 0.20 Ga; smooth unit (diamonds), 210 + 30 Ma; crater B unit (inverted solid triangle), 160 + 30 Ma. 
The Asteroid Derived Model gives the following absolute model ages: cratered unit (crosses), ~440 + 
60 million years; smooth unit (diamonds), 70 + 20 million years; crater B unit (inverted solid triangle), 
70 + 20 million years. The crater size-frequency distribution technique cannot be applied for the talus 
and summit units because of the slope and overall small surface area. Secondary crater chains (Fig. 1C) 
heavily affect the surface of the tholus, preventing reliable determination of crater size-frequency dis- 


tributions for the area. 


Ahuna Mons appears reddish punctuated by blue 
spots, probably small (<1 km) impact craters. The 
talus unit with downslope lineations has different 
values, appearing cyan and yellow in Fig. 4B; 
similar values are found elsewhere on Ceres on 
morphologically fresh-appearing slopes of impact 
craters and on bright ejecta rays. Most of the 
lineations display high albedos, reaching values 
15% higher than the global average, and their 
visible wavelength spectrum possesses a negative 
(blue) slope relative to surrounding material. The 
summit unit is distinct from the talus and con- 
tains reddish areas similar the surrounding terrain. 
Aside from the downslope lineations, no other 
clear correlation is found with the geologic map 
of Fig. 1D. 


Estimation of trough depth 
and carapace thickness 


Accurate estimate of the carapace thickness 
would require knowledge of the troughs (Fig. 
3C) formation mechanism and geometry, which 
cannot be precisely determined at the resolution 
of the images and the digital terrain model. As a 
first order approximation, we consider the troughs 
as symmetric grabens, and adopt the relationship 
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of (47). Symmetric graben formation is a conse- 
quence of fracturing and uplifting of a brittle layer 
by an upward intruding viscous fluid (47). The 
width of the graben has a linear correlation with 
the thickness of the brittle layer, the thickness to 
width ratio being 0.89 (47). With trough widths 
in the range ~500 m to ~1 km, the carapace depth 
is estimated to be in the range 450-890 m. This 
range represents a lower estimate, however, as 
other formation scenarios are plausible, such as 
horst and graben or tilted-blocks systems (48). 
Therefore the carapace can be thicker than the 
estimated range. 


Description of the topographic profiles 


The topographic profile used for comparison 
with the static and dynamic models is calcu- 
lated as follows. As shown in Fig. 2B, the topo- 
graphic profile SSE-NNW of the Mons is strongly 
asymmetric, probably because of the pre-existing 
tholus topography (28). A similar setting is found 
for the Compton-Belkovich complex on the Moon. 
The profile shown in Fig. 2C perpendicular to the 
Fig. 2B profile is oriented along the tholus flank 
and better represents the unaffected Mons shape. 
Because the profiles differ, three WSW-ENE pro- 
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files are averaged (blue lines in Fig. 2A) and used 
for model comparison (Fig. 7B). The use of the 
WSW flank is avoided because it is affected by 
a terrace. 


Description of the static model 


The shape of a dome in static equilibrium be- 
tween the pressurized ductile interior (magma) 
and the rigid carapace can be described by 7, 
the radial coordinate, z, the vertical coordinate, 
and 6 the angular coordinate. These variables 
are related by the following equations (28): 


d(sing) sind pg (1) 
dr 7. ot 
dz 
tand = ae (2) 


where ¢ and o are the thickness and tensile 
strength of the carapace, and p is the density 
of the ductile material. Ceres gravitational ac- 
celeration is g (0.28 m s~, (1)). The solution of 
these equations, i.e., the shape of the dome, is 
governed by a single dimensionless parameter 
that incorporates all physical parameters, i.e., 


D=1(hy/ot/pg (3) 


with h the pressure head (expressed in m) at 
the apex of the dome (28). For magma density 
we adopt the outer layer density range of 1680- 
1950 kg m™, estimated from Dawn’s gravity 
and shape measurement and considering a two 
layer model for Ceres’ interior (2). The carapace 
thickness is estimated to be in the range of 450- 
890 m based on the summit troughs width and 
assuming that they formed as symmetric grabens. 
Tensile strength is taken between 1 x 10° and 
1x 10’ Pa, as of terrestrial high-viscosity magmas 
such as dacites (28). The choice of a different 
composition, i.e., using tensile strength of water 
ice, has no effect as this water ice property (49) 
is comparable to that of high-viscosity dacite 
material. 

The model profile is fitted to the measured 
profile for radial distances from the center up 
to 6.7 km. The latter value represents the dis- 
tance beyond which the measured profile is 
dominated by the constant angle of repose of 
the talus. The talus angle of repose is calculated 
in a representative section of the profile between 
the distances 8-11 km. In this range, the differ- 
ence between the profile calculated with the 
angle of repose and the measured profile is less 
than 100 m. The measured profile deviates from 
the constant angle of repose profile by more than 
100 m at distances less than 6.7 km. A root-mean- 
square error is calculated between distances 0 
and 6.7 km. For matching the model and mea- 
sured profiles an additional constraint is defined: 
at distances greater than 6.7 km, the model pro- 
file is required to have lower elevations than the 
measured profile. 

The static model with the smallest root mean 
square (RMS) error (~1.0%) is obtained with D 
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values of ~5 (Fig. 7A). These values are achieved 
with a pressure at the dome apex (in excess of 
the hydrostatic pressure) between 5 x 10* Pa 
and 2 x 10° Pa, depending on the tensile strength, 
density and thickness ranges, an order of mag- 
nitude lower than viscous dome magma pres- 
sures on Earth (28). 


Description of dynamic model 


The dynamic model is described in (30) and is 
an improvement of the gravity current model 
of Newtonian fluids applied to volcanic domes 
of (29). Newtonian fluid behavior is used for 
simplicity to approximate the complex lava ma- 
terial bearing melt, crystals and volatiles, and 
usually behaving as a viscoplastic material (23, 50). 
The model applied here takes into account the 
viscosity increase with time, an important effect 
not fully considered in previous work (29). We 
assume a homogeneous ductile core with a cir- 
cular basal planform. These two properties rep- 
resent a simplification of Ahuna Mons, because 
the composite nature of the dome suggests var- 
iations in rheology within the core and the basal 
planform is approximately elliptical. The equa- 
tion governing the profile of the dome, i.e., eleva- 
tion A and radius 7 as a function of time ¢, is (30): 


r 1 a 


j- 
ro (i) 


4V 1 


i 3nrg (1+ 9)" 


(4) 


The volume is defined by the profile of the static 
model (V = 6.14 x 10" m?). Keeping the volume con- 
stant means spreading occurs once all material is 
extruded. This is a further simplification of the 
process forming Ahuna Mons: a possible co- 
occurrence of spreading and ongoing material 
extrusion. The initial radius 79 is arbitrarily taken 
between 2-6 km. Using values within this range, 
the final kinematic viscosity value varies less 
than 10%. The initial elevation ho, is defined 
by the volume and initial radius. t is a time 
constant. The transformation variable for the 
time-dependent viscosity is: 


o(t) =T(1- er) (5) 


and it results from defining the time-dependent 
viscosity as 


v= voel/T (6) 


I, the timescale over which the viscosity in- 
creases exponentially, is found iteratively with 
the requirement that the dome front does not 
advance once the relaxation time is reached. The 
time constant t is defined with vo, the initial 
bulk kinematic viscosity, as follows: 


“OOF  o 


The relaxation time is estimated by consider- 
ing that the dome stops spreading after significant 
cooling. An upper estimate is obtained by consid- 
ering that cooling is limited by conduction. For a 
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Fig. 6. Lunar and terrestrial analogs. (A) Lunar Reconnaissance Orbiter image of the major dome in 
the Compton-Belkovich volcanic complex on the Moon (25). (B) Hill-shaded digital terrain model (27), 
with superimposed contour lines in 25-m increments. Same location as (A). The dome has an aspect ratio 
of ~0.2 (~0.24 for Anuna Mons) and slopes of ~23° (30° to 40° for Ahuna Mons). An irregular central 
depression characterizes the summit. (C) North view of the Chaitén dome (Chile), where a talus collar 
with steep slopes is well developed. The dome is 1.7 km in diameter and has an aspect ratio of ~0.2. 


[Image credit: R. Roscoe] 


dome of elevation d, the cooling by conduction 
timescale can be approximated as follows (57): 
ig 
te~ — 8 
7S (8) 
With & delineating thermal diffusivity. Ra- 
diative cooling represents a lower estimate as 
it assumes that the entire dome remains isother- 
mal (52): 


rT ~ ne (9) 


where p and ¢, are the density and heat capa- 
city, respectively. T is the temperature during 
spreading and o the Stefan-Boltzmann constant. 
The diffusivity depends on the density, thermal 
conductivity, heat capacity and temperature of 
the material (53). We consider that the material 
has a density corresponding to the highest value 
presented above, ie, 1950 kg m™® (2). Uncertain- 
ties due to the choice of this composition are 
discussed at the end of this section. Because the 
types, proportions and states of mineral compo- 
nents of the Ahuna Mons material are not known, 
for this calculation we assume it is composed of 
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silicates (density of 2540 kg m™?) and water ice 
(920 kg m™). The following properties are cal- 
culated assuming a mixture of silicates and ice 
of density 1950 kg m™ (53). Thermal diffusivity 
is estimated at ~1.5 x 10°° m? s! and heat capa- 
city at 1242 J ke"! K™ (53). The temperature is set 
at 230K as it is the highest value found at a 
depth of >50 km from thermal evolution model 
of Ceres (35). Conductive cooling timescales is 
3.1 x 10° years, whereas radiative timescale is 
4.2 x 10” years. 

The fit between the dynamic model profile 
and the measured profile is performed as for 
the static model and is described above. For 
t= 42x10? years, the smallest RMS error (1.1%) 
is obtained with I = 1.3 x 10? years and an initial 
apparent kinematic viscosity of 2.2 x 10” m? s7, 
or an initial apparent dynamic viscosity of 
4.3 x 10” Pas. For t = 3.1 x 10” years, the smallest 
RMS error (1.1%) is obtained with T = 9.2 x 10* 
years and an initial apparent kinematic viscos- 
ity of 16 x 10” m? s“4, or an initial apparent 
dynamic viscosity of 3.1 x 10"* Pa s. In summary, 
initial apparent dynamic viscosity is in the range 
of 4 x 10” -3 x 10" Pas. 
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Fig. 7. Topographic profiles of Ahuna Mons and models. (A) Average, half topographic profile of 
Ahuna Mons (from Fig. 2) shown in diamonds, compared with a calculated profile of a static volcanic 
dome (blue line). The model profile is calculated with carapace tensile strength of 10’ Pa, thickness 
of 450 m, and ductile material density of 1680 kg m™?. The blue line is dashed where talus material 
covers the profile. The constant slope of the talus material is highlighted with a black line (35°). (B) Same 
as (A) but with a calculated profile from a dynamic model of volcanic dome (red line). Key values for the 
model curve are initial radius of 5.6 km, initial height of 8.2 km, initial actual viscosity of 4 x 10'° Pas, and 
a relaxation time of 4 x 10° years. The red line is dashed where talus material covers the profile. 


The following timescales and viscosities are 
obtained if a material of pure water ice at 230 K 
is considered. Although the material of Ahuna is 
unlikely to correspond to such composition, the 
differences from a silicate-dominated material are 
here considered as an estimate of the uncertain- 
ties due to composition. Thermal diffusivity for 
water ice at 230 K is 1.6 x 10° m? s 1 (53), leading 
to conductive timescale of 2.9 x 10° years. Heat ca- 
pacity is 1803 J ke“! K! (53), leading to radiative 
timescale of 2.9 x 10” years. Initial apparent dynam- 
ic viscosities are in the range 1.4: x 10-14 x 10 Pas, 
on the same order of magnitude as for a silicate- 
dominated mixture of density 1950 kg m™. 
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INTRODUCTION: The surface of the dwarf 
planet Ceres is known to host phyllosilicate 
minerals, but their distribution and origin 
have not previously been determined. Phyl- 
losilicates are hydrated silicates, and their 


presence on the surface of Ceres is intriguing 
given that their structure evolves through an 
aqueous alteration process. In addition, some 
phyllosilicates are known to bear NH, which 
places a constraint on the pH and redox con- 


Phyllosilicate abundance 


LeSS rr More 
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Abundance maps. Qualitative maps of the abundances of (top) phyllosilicates and (bottom) NH,, 
based on the depth of their absorption features. The two maps have a similar global pattern, although 
they differ in some localized regions such as Urvara. The scale bar is valid at the equator. 
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ditions during the evolution of Ceres. We 
studied the distribution of phyllosilicates across 
the planet’s surface to better understand the 
evolutionary pathway of Ceres. 


RATIONALE: Using the data acquired by the 
mapping spectrometer (VIR) onboard the Dawn 
spacecraft, we mapped the spatial distribution 

of different minerals on 
Ceres on the basis of their 
Read the full article “agnostic absorption fea- 
at http://dx.doi. tures in visible and infra- 
org/10.1126/ red spectra. We studied 
science.aaf4279 the phyllosilicates through 
their OH-stretch funda- 
mental absorption at about 2.7 um and through 
the NH, absorption at about 3.1 um. From our 
composition maps, we infer the origin of the 
materials identified. 


RESULTS: We found that Mg- and NH,- 
bearing phyllosilicates are ubiquitous across the 
surface of Ceres and that their chemical com- 
position is fairly uniform. The widespread pres- 
ence of these two types of minerals is a strong 
indication of a global and extensive aqueous 
alteration—i.e., the presence of water at some 
point in Ceres’ geological history. Although the 
detected phyllosilicates are compositionally 
homogeneous, we found variations in the in- 
tensity of their absorption features in the 3-1um 
region of the reflectance spectrum. Such varia- 
tions are likely due to spatial variability in 
relative mineral abundance (see the figure). 


CONCLUSION: The large-scale regional var- 
iations evident in the figure suggest lateral 
heterogeneity in surficial phyllosilicate abun- 
dance on scales of several hundreds of kilo- 
meters. Terrains associated with the Kerwan 
crater (higher concentration of phyllosilicates) 
appear smooth, whereas the Yalode crater 
(lower concentration of phyllosilicates) is char- 
acterized by both smooth and rugged terrains. 
These distinct morphologies and phyllosilicate 
concentrations observed in two craters that are 
similar in size may reflect different composi- 
tions and/or rheological properties. On top of 
this large-scale lateral heterogeneity, small- 
scale variations associated with individual cra- 
ters could result from different proportions of 
mixed materials in a stratified upper crustal 
layer that has been exposed by impacts. Var- 
iations associated with fresh craters, such as 
the 34-km-diameter Haulani, indicate the pres- 
ence of crustal variations over a vertical scale 
of a few kilometers, whereas much larger cra- 
ters, such as the 126-km-diameter Dantu, sug- 
gest that such stratification may extend for at 
least several tens of kilometers. m 


The list of author affiliations is available in the full article online. 
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The dwarf planet Ceres is known to host phyllosilicate minerals at its surface, but their 
distribution and origin have not previously been determined. We used the spectrometer onboard 
the Dawn spacecraft to map their spatial distribution on the basis of diagnostic absorption 
features in the visible and near-infrared spectral range (0.25 to 5.0 micrometers). We found that 
magnesium- and ammonium-bearing minerals are ubiquitous across the surface. Variations in 


the strength of the absorption features are spatially correlated and indicate considerable 
variability in the relative abundance of the phyllosilicates, although their composition is fairly 
uniform. These data, along with the distinctive spectral properties of Ceres relative to other 
asteroids and carbonaceous meteorites, indicate that the phyllosilicates were formed 
endogenously by a globally widespread and extensive alteration process. 


he surface of the dwarf planet Ceres ex- 

hibits low reflectance and a relatively fea- 

tureless spectrum in the range of 0.5 to 

2.6 um, with the exception of a broad ab- 

sorption feature centered around 1.2 um 
(1,2). Thermally corrected reflectance data from 
2.6 to 4.2 um, measured from onboard the Dawn 
spacecraft, reveal a spectrum rich in absorption 
features at 2.72, 3.05 to 3.1, 3.3 to 3.5, and 3.95 um, 
which are diagnostic of the composition of the 
surface (3). The band from 3.05 to 3.1 um is 
clearly visible in ground-based spectra and has 
been attributed to a variety of different phases 
including water ice (4), hydrated or NH,-bearing 
clay minerals (5, 6), or brucite (7), whereas the 
3.95-um band has been definitively attributed 
to carbonates (8). Initial Dawn observations ob- 
tained during the Approach and Survey phases of 
the mission indicate that Ceres’ average surface 
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is a mixture of NH,-bearing phyllosilicates such 
as serpentines and smectites, carbonates, and 
absorbing dark materials such as organic carbon 
or magnetite (3). As Dawn has continued to orbit 
Ceres (9), the visible and infrared mapping spec- 
trometer onboard the spacecraft [VIR (J0)] has 
obtained spatially resolved hyperspectral images 
of Ceres, which have been projected to generate 
maps of spectral parameters that characterize 
Ceres’ mineralogy. Dawn’s orbital characteristics 
and the orientation of Ceres’ spin axis (17) have 


enabled 84% of the surface to be mapped with 
the VIR’s infrared channel. The maps discussed 
here have roughly 1.1-km spatial resolution, glob- 
al longitude coverage, and latitude coverage span- 
ning from 60°S to 60°N (see the Materials and 
methods section for further details). All the maps 
and coordinates are given using the Kait Prime 
Meridian Reference System (72). 


Albedo at 0.55 ym, measured by the VIR 


The geometric albedo measured by the VIR instru- 
ment is 0.094 + 0.008 at 0.55 um (Materials and 
methods section). Given the low albedo of the sur- 
face, single scattering dominates the surface reflec- 
tance. Figure 1 is an albedo map, in reflectance at 
standard geometry, indicating a variable propor- 
tion of low- and high-albedo materials on Ceres’ 
surface. Roughly 70% of the mapped surface has 
a radiance factor (I/F, defined as x x reflectance, 
where J is the measured radiance and F is solar 
flux) at 0.55 um that is within the range 0.032 
to 0.036, with a central value of 0.034. 

Shown in Fig. 2A is an example of a typical 
thermally corrected reflectance spectrum of Ceres 
acquired by VIR. Diagnostic absorptions at 2.7 
and 3.05 to 3.1 um are well defined, and we 
measured and mapped the strength of these fea- 
tures globally across Ceres (Fig. 3 and Materials 
and methods section). 


Variability of the 2.7- and 3.1-um 
absorption bands 


The strong and narrow absorption near 2.7 um is 
an OH-stretch fundamental, centered at 2.72 to 
2.73 um (13). This relatively strong absorption 
dominates the overall spectral properties and is a 
distinctive indicator of OH-bearing minerals such 
as phyllosilicates (14). The exact spectral position 
of the absorption is indicative of Mg-OH phases, 
such as antigorite (Mg-serpentine) or saponite 
(Mg-smectite) (75). We found that the spectral 


Albedo 


Fig. 1. Albedo map. The map shows the albedo in terms of the radiance factor (//F) at 0.55 um, photo- 
metrically corrected and converted to standard observation geometry (incidence angle = 30° emission 
angle = O° phase angle = 30°). Some of the brightest regions are out of scale, namely, Occator, Toharu, and 
Haulani. The scale bar is true at the equator. 
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position of this absorption does not vary signif- 
icantly across the mapped portion of the surface 
(2.727 + 0.003 um; Materials and methods sec- 
tion), which is an indication that the chemical 
composition of the phyllosilicates does not change 
substantially. Within the mapped portion of Ceres, 
the only locations that shift toward longer wave- 
lengths, and therefore that point to a different 
chemical composition of the phyllosilicates, are 
the small bright regions on the floor of Occator 
crater (16). Mg-rich serpentines are commonly 
present in carbonaceous chondrite meteorites, 
along with a large number of other distinct phyl- 
losilicates (14). Carbonaceous chondrites in the 
CM group have matrix compositions that system- 
atically vary from the least aqueously altered sam- 
ples, which have a 2.7-um absorption consistent 
with cronstedtite (Fe-serpentine), to the most 
aqueously altered samples, which have shorter 
wavelength absorptions characteristic of antigorite 
(Mg-serpentine) (77). The pervasive presence of 
Mg- rather than Fe-serpentine across Ceres thus 
indicates that aqueous alteration has been exten- 
sive. Although the presence and the position of 
the 2.7-um absorption are globally constant, its 
intensity shows significant variations beyond 
the 2o errors associated with the measurements. 
The computed average value is 0.251 + 0.006, 
and the range of variability is between 0.226 
and 0.270. The spatial distribution of the 2.7-um 
band depth (Fig. 3A) shows two broad regions 
containing terrains in which the values of the 
band depths are lower than the average (blue in 
Fig. 3A). One region is in the northeast quadrant 
and the other is in the southwest. In contrast, the 
region around the smooth Kerwan terrains has 
deeper Mg-OH band depths with respect to the 
nearby regions; specific regions near the northern 
Dantu and northeastern Occator craters also have 
deeper band depths. The lack of geochemical var- 
iation inferred from the band center position sug- 
gests either that the exposed upper layer has no 
substantive phyllosilicate compositional gradient 
or that some homogenization process has been 


very efficient at the spatial scale sampled by VIR. 
The latter is unlikely because although the posi- 
tion of the bands do not vary, there are varia- 
tions in the intensity of the same absorption in 
some craters (Haulani, Dantu, and Urvara), and a 
homogenization process would have affected 
both parameters. 

The distinct absorption feature at about 3.1 41m 
has been attributed to ammoniated phyllosilicates 
(3, 5). The analysis of this feature shows that its 
band center position does not vary across the 
surface, and its value, computed after removal 
of the local continuum, is 3.061 um with a stan- 
dard deviation of 0.011 um (Materials and methods 
section). As with the 2.7-um absorption, the ab- 
sence of variability in the central wavelength of 
the 3.1-um absorption suggests that the ammo- 
niated phyllosilicate phase is compositionally 
homogeneous over most of Ceres’ surface. The 
average value of the intensity of the 3.1-1m absorp- 
tion is 0.055 (with a standard deviation of 0.012). 
The spatial variability in the 3.1-um band intensity 
(Fig. 3B) broadly follows that of the 2.7-um band 
(Fig. 3A), with the same broad regions described 
above. However, at smaller spatial scales, there 
are locations where intensity variations are in- 
versely correlated (e.g., the Urvara crater), whereas 
elsewhere the intensities of the two absorption 
features show a weak positive correlation (Fig. 
4A). In contrast, neither the 2.7- nor the 3.1-um 
band exhibits an intensity that meaningful cor- 
relates at the global scale with the I/F ratio (Fig. 4, 
B and ©), although a correlation is sometimes 
evident locally, as in the Haulani crater. 

The Haulani crater (5.7°N, 10.9°E; diameter, 
34 km) and its ejecta stand out in the global maps 
(Figs. 1, 3A, and 3B), showing high albedo but 
shallower bands with respect to the surroundings 
(Fig. 5B). The shallowest bands (blue color in Fig. 
5A and blue spectrum in Fig. 5B) are found inside 
the crater and in nearby bright ejecta. In this 
crater, the shallow bands are associated with 
bright material that was excavated and deposited 
by the impact. However, as noted above, the 


anticorrelation of band depth and albedo is not 
global. A second example is the Dantu crater 
(24.35°N, 138.2°E; diameter, 126 km), which is 
divided into two terrains: the northern area, 
with higher band depths (yellow spectrum in 
Fig. 5, C and D), and the southern area, with 
shallower bands (blue in Fig. 5, C and D). Unlike 
in Haulani, in Dantu, there is no correlation be- 
tween band depth and albedo. The area just out- 
side the northern rim of the crater has a similar 
albedo to that of the floor, whereas the deepest 
absorptions are found only within the rim. 


Implications of variability in 
the band intensities 


Variations in the band depth could be due to a 
variety of factors, such as (i) relative abundance 
and grain size of spectrally opaque dark phases, 
(ii) phase changes caused by impact processes 
(e.g., dehydration), (iii) variations in the quantity 
of impact-delivered material, (iv) depth-dependent 
variation in the abundances of materials exposed 
by craters, and/or (v) heterogeneity of the external 
layer of the surface. 

The relative abundance and size of opaque 
phases in a mixture has a major effect on spectral 
contrast and the strength of absorption bands, as 
well as on albedo. With increasing abundance of 
fine-grained opaque content, albedo and band 
strength decrease nonlinearly (78, 19). Thus, band 
strength should be correlated with albedo. Given 
that this is not observed on Ceres, variation in 
opaque content cannot account for the observed 
variations in band strength. 

Dehydration of phyllosilicates at increased 
temperatures generated by impacts should reduce 
the intensity of the OH-stretch band at 2.7 um 
(20, 21) and of the NH,-related band at 3.1 um 
(20, 22). However, prominent craters such as 
Kerwan (diameter, 280 km) are associated with 
deeper absorption bands, whereas the similar- 
sized crater Yalode (diameter, 260 km) is associated 
with much shallower bands. Although it is con- 
ceivable that impact heating could have been 


A 0.040.777 ; B 12; 
[ 1) Aad pa 
[ ] E 1.05 
0.035 4 et 
= a 
L F at [ 
& 0.030 Hee = 06+ 
[ ] 5 0.47 
0.025}- + gt 
[ | & 0.25 
O00 ae a nee er Ce Ce er | er 
24 26 28 30 32 34 36 24 26 


Wavelength (um) 


oo 
fon) 


2.8 3.0 3.2 3.4 
Wavelength (um) 


Fig. 2. Computation of band parameters. (A) Example Ceres spectrum (black crosses) with the smoothed spectrum superimposed (red line). The blue and 
yellow lines represent the straight line used to compute the continuum of each band. (B) Continuum-removed spectrum (black line). 
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Fig. 3. Band depth maps. Maps of the peak absorption depths of (A) the 2.7-um OH-stretch band and 
(B) the 3.1-um NH, band. The two maps have a similar global pattern, although they differ in some localized 
regions such as Urvara. The scale bar is true at the equator. 


different in these two cratering events, it is un- 
likely to be the cause of the observed spatial 
heterogeneity. Furthermore, there are craters, 
such as Dantu, that expose diverse materials 
with both deeper and shallower band depths. 
The band depth distribution does not correlate 
with crater size or inferred age. For instance, the 
pristine morphologies of the Dantu and Haulani 
craters suggest recent formation [Dantu certainly 
postdates Kerwan on the basis of superposition 
(23)]. The fact that craters of very different sizes 
and formation ages show heterogeneities reduces 
the likelihood that contamination from impactor 
materials and space weathering is a principal 
cause of the observed distribution of band depth 
variations. This conclusion is also reinforced by 
the constant position of the absorption band cen- 
ters across the surface, limiting the potential role 
of contamination from impactor materials (unless 
they had exactly the same composition as Ceres, 
which seems unlikely, given the wide range of 
asteroid spectra and chondrite compositions). 
The most likely explanation is that the varia- 
bility in the strengths of these two diagnostic 
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mineral absorptions is associated with a varia- 
tion in the abundance of phyllosilicates relative 
to the other components of the surface. According 
to the modeling technique used in (3), the range 
of variability observed on Ceres is compatible with 
abundance variations in the range of 6 to 12% and 
3 to 9% for Mg-rich phyllosilicates and NH,-bearing 
species, respectively. We stress that the data in- 
dicate that the composition of phyllosilicate species 
is constant, but that it is their relative abundance 
that varies. Therefore, the correlation expressed in 
Fig. 4A between the depths of the absorptions at 
2.7 and 3.1 4m indicates that the abundances of 
Mg-phyllosilicates and ammoniated phyllosilicates 
are generally correlated. In combination with the 
absence of Fe-phyllosilicates, this suggests that 
the ammoniated phyllosilicates, as well as the 
other phyllosilicates, are endogenous, and that 
the aqueous alteration processes creating such 
minerals were global and not due to the local 
environment. 

The distribution of measured spectral properties 
is compatible with the presence on Ceres of a 
single Mg-phyllosilicate composition, sometimes 
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including embedded ammonium. However, we 
cannot exclude the possibility of a collection of 
phyllosilicates defining a spatially homogeneous 
composition. Current thermal evolution models 
for Ceres (24, 25) are compatible with an evolu- 
tionary pathway that starts from a parent body of 
primitive carbonaceous chondrite-like material, 
which undergoes aqueous alteration processes in 
a hydrothermal environment whose pH and 
redox conditions favor the stability of ammonium 
(over ammonia). The substitution of potassium 
and, to a lesser extent, alkali earth metals by am- 
monium is a well-understood phenomenon result- 
ing in the production of Mg- and NH,-bearing 
clays (e.g., 26 and references therein). 

Although the Ceres phyllosilicates are compo- 
sitionally homogeneous, we interpret the observed 
variations in the depth of absorptions in the 3-um 
region as an indication of variability in their abun- 
dance. The large-scale regional variations shown 
in Fig. 3, A and B, suggest lateral heterogeneity 
in phyllosilicate abundance over a scale of several 
hundreds of kilometers. Terrains associated with 
Kerwan (higher concentration of phyllosilicates) 
appear smooth in texture, whereas Yalode (lower 
concentration of phyllosilicates) is characterized 
by both smooth and rugged terrains (27). This 
pronounced difference in morphology and phyl- 
losilicate concentration between two craters that 
are similar in size may reflect different composi- 
tions and/or rheological properties. On top of 
this large-scale lateral heterogeneity, we found 
small-scale variations associated with craters (ex- 
amples in Fig. 5) that could result from different 
proportions of mixed materials in a stratified 
upper layer exposed by impacts. Fresh craters 
such as Haulani indicate the presence of dif- 
ferent materials over a vertical scale of a few 
kilometers, whereas much larger craters such 
as Dantu suggest that such stratification may ex- 
tend for at least several tens of kilometers. 


Materials and methods 
VIR measurements at Ceres 


The Dawn spacecraft has been acquiring data 
about the dwarf planet Ceres since January 2015 
(11). During the Approach phase (January to April 
2015), there were nine opportunities to point the 
optical instruments toward Ceres and to acquire 
spectral information about its surface. In late April/ 
early May 2015, the spacecraft performed an ob- 
servational campaign while the spacecraft was in 
orbit around Ceres at an altitude of 13,600 km. In 
this mission phase, called RC3, the instruments 
acquired limb and high phase images while the 
spacecraft was on the night side of the orbit and 
nadir images while it was on the day side. After 
this initial part of the exploration, in three con- 
sequent orbits Survey (4400-km altitude), High 
Altitude Mapping Orbit (HAMO, 1470-km alti- 
tude) and Low Altitude Mapping Orbit (LAMO, 
385-km altitude), the instruments acquired data 
in the dayside section of the orbit at increasing 
resolution. The spectrometer VIR (visible channel: 
0.25- to 1.0-um range and 0.002-um resolution; 
infrared channel: 1.0- to 5.0-um range and 0.010-um 
resolution) acquired data during all the mapping 
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Fig. 4. Scatterplots of Ceres global spectral parameters associated with diagnostic absorptions. (A) 3.1-um band absorption depth versus 2.7-um band 
absorption depth. (B) //F at 1.2 wm versus 2.7-um band absorption depth. (C) //F at 1.2 um versus 3.1-um band absorption depth. The color scale represents the 
frequency of each data point normalized to the maximum value in each plot. 


orbits, although in this paper we used data 
from RC3 and Survey. In RC3, VIR acquired 
1.9 million infrared spectra and 1.9 million 
visible spectra with an average linear resolution 
of 3.4 km. In Survey orbit, VIR acquired 2.8 million 
infrared spectra and 4.3 million visible spectra 
with an average linear resolution of 1.1 km. 
Resolutions indicated here do not consider the 
smearing. 


Geometric albedo and albedo maps 


Geometric albedo is computed from eq. 12.58 
in (28) 


Ap(w,8) = = {[1-+ Bolp(0) - 1} + 


U(w,8) 2 (1+2) 


where w is the single scattering albedo, Bo is the 
opposition effect amplitude, p(0) is the single 
particle phase function at 0° phase angle, and 
U(w, 6) accounts for large scale surface rough- 
ness through the slope parameter 6. Hapke’s 
model parameters derived in (29) from spec- 
trophotometric analysis of VIR observations of 
Ceres have been assumed. 

Albedo map has been produced by reporting 
VIR measured radiance factor (J/F) with generic 
incidence, emission, and phase angles (2, e, «) to 
standard observation geometry (7 = 30°, e = 0S. a = 
30°) by means of the relation 
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Fig. 5. Haulani and Dantu craters. (A and B) Haulani. (C and D) Dantu. For each crater, we show a map 
of the 2.7-um band depth [(A) and (C)] and the continuum-removed spectra [(B) and (D)]. Each spectrum 
shown here is an average of locations in the image that share the same band depth. The color of each 


spectrum corresponds to the band depth. 
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where the subscript m indicates that reflectance 
has been modeled applying Hapke’s theory (28) as 
shown in (29). 


Band parameters 


The band parameters have been computed with 
the following steps: (i) Removal of thermal emis- 
sion. The thermal emission has been modeled as 
the Planck function that best fit the measured 
I/F. (ii) Smoothing of the spectra (from black 
crosses to red line in Fig. 2A). The spectra have 
been smoothed with a boxcar average of 3 spectral 
channels. (iii) Evaluation of the continuum and 
continuum removal. The band continuum of each 
band has been computed as the straight line be- 
tween the two local maxima (blue line for 2.7-um 
band and orange line for 3.1-m band in Fig. 2A). 
The continuum-removed spectrum is the ratio of 
the smoothed spectrum and the continuum. 
(iv) Band centers: after the continuum removal, 
the band center is the wavelength which cor- 
responds to the local minimum after the con- 
tinuum removal (Fig. 2B). (v) Band depths are 
defined as 1-R,/Rj, where R, is the reflectance at 
the band minimum and 2, is the reflectance of 
the continuum at the same wavelength as Ry. 


Photometric correction 
of band parameters 


Band centers have not been corrected. Band depths 
(BD) have been rescaled to a reference condition 
with emission angle (e) equal to 0° incidence 
angle (7) equal to 30°, and phase angle (~) equal 
to 30° The scaling has been done using an em- 
pirical approach. According to this approach, 
the rescaled band depth (BDo.30,30)) can be com- 
puted as 


BD (030,30) = BD(ei,9) * LS x fil) 


where BD.) is the band depth computed ac- 
cording to the procedure described in the 
previous paragraph, LS is the Lommel Seeliger 
factor 


cos 7+ cos e 


LS = 0.46 x : 
cos 7 
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and f,(¢~) is the phase function of each absorp- 
tion band that has been modeled with a polynomial 
of the second order 


fanl) 0.26 
aA = 0.98 = 8.62%107>#@p + 1.33*10~> « p2 
0.08 
faa(@) = 


0.07 — 2.60*10-**@ + 1.12*10% xp? 


Maps of band parameters 


The RC3 and Survey data sets have been mapped 
using a Mollweide projection in the latitude 
range 60°S to 60°N. Data from both mission 
phases have been filtered for illumination con- 
ditions and level of reflectance. In the maps of 
the band parameters, only the spectra with in- 
cidence and emission angles lower than 70°, phase 
angle between 15° and 608 and average I/F bright- 
ness higher than 0.004 have been considered. To 
generate the maps discussed in this work, rather 
than an average, the RC3 map has been used 
only to fill the gaps in the Survey-based map. 
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INTRODUCTION: Dwarf planet Ceres’ low 
average-density (2162 + 3 kg m~*) indicates that 
it must contain considerable water. Water is 
likely a key component in the chemical evolution 
and internal activity of Ceres, possibly resulting 
in a layer of ice-rich material and 
perhaps liquid in the mantle. Mineral 
hydroxides (OH-bearing) and hydrates 
(H,O-bearing), such as clays, carbo- 
nates, and various salts, would be 
created. These hypotheses were sup- 
ported by the detection of hydroxyl 
(OH)-rich materials, OH-bearing molecule re- 
leases, HO vapor molecules, and haze. How- 
ever, the presence of H,O on the surface has 
not previously been confirmed. The detection 
and mapping of H,O on Ceres is one objective 
of the Dawn spacecraft, in orbit around Ceres 
since March 2015. 
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RATIONALE: The purpose of the Dawn space 
mission at Ceres is to study the geology, geo- 
physics, and composition remotely by means 
of high-resolution imagery and spectrometry. 
Dawn’s Visible and InfraRed Mapping Spec- 
trometer (VIR) measures the sunlight 
scattered by the surface of Ceres in a 
range of wavelengths between 0.25 
and 5.1um. The position and shape of 
absorption features in VIR reflectance 
spectra are sensitive to the surface 
mineral and molecular composition. 
In spectroscopy, absorption bands at 2.0, 1.65, 
and 1.28 um are characteristic of vibration over- 
tones in the H,O molecule. 


RESULTS: Dawn has detected water-rich sur- 
face materials in a 10-km-diameter crater named 
Oxo, which exhibit all absorption bands that are 


3.5 4.0 


15 2.0 2.5 3.0 
Wavelength (um) 


diagnostic of the H.O molecule (see the figure). 
These spectra are most similar to those of H,O 
ice, but they could also be attributable to hy- 
drated minerals. Oxo crater appears to be geo- 
logically very young (~1 million to 10 million 
years); it has sharp rims and its floor is almost 
devoid of impacts, suggesting a recent exposure 
of surface H,O. The high latitude and morphology 
of the Oxo crater protects much of the surface area 
from direct solar illumination for most of the 
cerean day, presenting favorable conditions for 
the stability of water ice or heavily hydrated salts. 


CONCLUSION: Four ways to create or trans- 
port H,O on Ceres are considered: (i) Expo- 
sure of near-surface H,O-rich materials by a 
recent impact or an active landslide seems most 
consistent with the presence of both mineral 
hydrates and water ice. (ii) Release of sub- 
surface HO may occur on Ceres, similar to 
release on comet nuclei, but may never re- 
condense on the surface. (iii) Infall of ice- 
bearing objects is not likely to deposit water 
on Ceres, because the H,O molecule likely 
would dissociate upon impact. (iv) Implantation 
of protons from the solar wind on the surface 
is not a probable origin of OH on Ceres be- 
cause of the low flux of solar wind charged 
particles. We therefore conclude that surface 
H,O or hydrated minerals are the most plausi- 
ble explanation. = 
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*Corresponding author. Email: jean-philippe_combe@ 
bearfightinstitute.com 

Cite this article as J.-Ph. Combe et al., Science 353, 
aaf3010 (2016). DOI: 10.1126/science.aaf3010 


Dawn VIR infrared observations of Oxo crater on Ceres demonstrate the detection of H20 at the surface. (A) Reflectance spectrum collected 
where absorption bands of H20 at 1.28, 165, and 2 um are the strongest (in blue) compared with a laboratory spectrum of HzO ice (black). The lab 
spectrum is scaled and vertically shifted for clarity. (B) Perspective view of Oxo crater observed by the Dawn Framing Camera (FC), where the two high- 
albedo areas right next to the scarps contain H20-rich materials. 
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The surface of dwarf planet Ceres contains hydroxyl-rich materials. Theories predict a water 
ice-rich mantle, and water vapor emissions have been observed, yet no water (H20) has been 
previously identified. The Visible and InfraRed (VIR) mapping spectrometer onboard the Dawn 
spacecraft has now detected water absorption features within a low-illumination, highly 
reflective zone in Oxo, a 10-kilometer, geologically fresh crater, on five occasions over a period 
of 1 month. Candidate materials are H2O ice and mineral hydrates. Exposed H20 ice would 
become optically undetectable within tens of years under current Ceres temperatures; 
consequently, only a relatively recent exposure or formation of H20 would explain Dawn’s 
findings. Some mineral hydrates are stable on geological time scales, but their formation would 


imply extended contact with ice or liquid H20. 


he state and abundance of water on the 
dwarf planet Ceres have been major ques- 
tions ever since hydroxyl (OH)-rich mate- 
rials were proposed as surface components 
(7, 2) and eventually observed (3-8). The 
prediction of ice and perhaps liquid in the mantle 
(9-11), observations of sporadic releases of OH- 
bearing molecules (72), the detection of water 
vapor molecules (13), and reports of haze (14) sup- 
port the presence of water on Ceres. Water is a key 
component in the chemical evolution and inter- 
nal activity of planetary bodies, and products of 
aqueous activity such as bright carbonates have 
been observed on Ceres (15). Reflectance spectros- 
copy is sensitive to surficial water and hydroxyl 
groups; measurement of OH and H,O absorp- 
tions near 1.5, 2.0, and 3 um thereby allows for 
remote detection of H,O. The depth of photon 
penetration depends on the material: Photons 
may penetrate a few micrometers into absorbing 
components such as those found on Ceres or 
other low-albedo surfaces, whereas they may 
penetrate several centimeters in highly scatter- 
ing materials such as pure ice and snow (16). 
Because Ceres has a low bulk density of 2162 + 
3 kg m ? (17), its composition is expected to con- 
tain a substantial proportion of water. Internal 
heat (mostly from decay of radionuclides) is ex- 
pected to have differentiated Ceres at least par- 
tially into a rocky core and icy mantle (9-11). 
Contact between silicates and ice or liquid water 
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would have resulted in aqueous alteration of min- 
erals, producing hydroxylated (OH-bearing) phases 
such as clays and carbonates (5-7, 9-11, 15), or 
mineral hydrates (H2O-bearing) such as salts. 

The Dawn mission at Ceres (18) is dedicated to 
the characterization of the geology, geophysics, 
and composition of this dwarf planet. The first 
observational orbit (Rotation Characterization) 
occurred on 23 April 2015 at an altitude of 13,500 km. 
The orbit was subsequently lowered to 44.00 km 
for the Survey phase of the mission, which operated 
from 5 to 22 June 2015. The Dawn Visible and 
InfraRed (VIR) mapping spectrometer (19) senses 
surface composition by reflectance spectroscopy. 
It covers wavelengths of 0.25 to 5.1 um with two 
detectors that measure radiance, overlap around 
1 um, and have spectral sampling of 1.9 nm and 
9.8 nm for the visible and infrared, respectively. 
Initial global VIR analyses of Ceres identified the 
ubiquitous presence of phyllosilicates, but no 
H,O-bearing species (7, 8). 

Here, we present VIR detections of H,O-rich 
surface materials on Ceres from five observations 
of the crater Oxo, which is 10 km in diameter and 
is centered at 359.7°E, 42.2°N (20) (Fig. 1). The 
data were collected on 1 and 4 May 2015, with a 
spatial resolution of about 3.4 km per pixel, and 
on 6 and 9 June 2015, with a spatial resolution of 
about 1.1 km per pixel. Absorptions near 2 um at 
the surface of Ceres require H.O molecules, as they 
are attributable to an O-H stretch overtone in this 
molecule (27, 22) commonly seen in spectra of 
water ice and mineral hydrates (23). Other O-H 
vibration overtones at 1.65 1m and 1.28 um produce 
narrower yet meaningful absorption bands (24) 
that are visible in the VIR spectra. The three ab- 
sorption bands at 1.28 um, 1.65 um (Fig. 2, D to F), 
and 2.0 um (Fig. 2, Gto I) occur within the same 
areas in the Oxo crater, which makes a strong 
case for the detection of H,O. Similar to the rest 
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of Ceres’ surface, a strong and broad absorption 
around 3 um due to the fundamental vibration 
mode of O-H is also observed. However, this 
spectral feature alone is not unique to HO, as 
only the OH group is required. Spectral models 
show that H,O-ice spectra fit VIR observations 
better than any spectrum of mineral hydrates 
(Fig. 3); thus, we consider it the most likely sur- 
face component observed in the Oxo crater. 

H,O-rich materials are found within a high re- 
flectance area on the pole-facing wall of the Oxo 
crater (Fig. 2) and possibly on the southeastern scarp 
above the rim. The crater is about 50% brighter 
at 1.1.m than surrounding surface materials (Fig. 
2, A and B). The surface on the H,O-rich spot is 
characterized by temperatures 10 to 20 K lower 
than the rest of the crater (Fig. 2, J to L); this would 
be expected of exposed water ice (25), which 
has a higher thermal inertia than the average 
Ceres surface regolith, and of high-albedo ma- 
terials in general. 


Geological description of Oxo crater 


In Fig. 1E, high-resolution images from the Framing 
Camera (FC) indicate that Oxo has sharp rims 
and few superposed craters, which implies that 
it is geologically young. It is also characterized by 
a scarp in the southeastern part. This terrace fea- 
ture likely resulted from block collapse and slumping 
of the southeastern rim toward the center of the 
crater, forming a depression outside the crater. 
Long, arcuate fractures subparallel to the terrace 
scarp, well-defined talus material, and an extensive 
boulder field within Oxo indicate that the terrace 
block has been actively collapsing in the recent 
geologic past and may be continuing to do so at the 
present time. Several kilometer- and subkilometer- 
scale lobate flow features related to mass wasting 
have been observed on the northeastern and south- 
eastern rims of the terrace block. These flows, par- 
ticularly the examples observed near the H,O-rich 
region, display several morphologic similarities 
(i.e., sharply defined flow margins, large rounded 
blunt snouts, and apparent mass concentration 
near the flow termini) to numerous other features 
on Ceres that have been interpreted as ice-cemented 
flows (26). The location of the strongest H2O de- 
tection in Oxo exhibits a sloped hummocky texture 
that is divided in several locations by linear and 
sinuous gully-like depressions. 


Calibration of spectra and 
spectral processing 


Reflectance defines the ratio of irradiance from the 
surface of Ceres to the solar radiance flux. In this 
study, VIR spectra have been further corrected 
for the photometric effects of variable incidence 
and emergence angle due to the local topography. 
This correction is based on the Akimov disk- 
function model (27) and is similar to the pro- 
cessing of VIR data at Vesta performed for global 
mapping (28). We standardize bidirectional re- 
flectances to incidence angles of 0° and emission 
angles of 30° 

The spectral slope measures the slope of a 
straight line fitted to VIR spectra between 1.0 and 
2.4:um. Maps of the spectral slopes were calculated 
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after normalization with respect to the local average 
reflectance between 1.0 and 2.4: um for each pixel, 
and after division to the average spectrum of Ceres. 
The result is a spectral slope of zero for the aver- 
age of Ceres. 

The spectral feature centered at 1.5 um in Fig. 1, 
E to G, might also be due to O-H vibration over- 
tone; however, it must be interpreted cautiously 
because of light scattering between two order- 
sorting filters of the instrument (8), and thus it 


is not considered in this study. Although the 
diagnostic absorption feature of HO at 1.65 um 
falls near one of these junctions, it is considered 
safe for interpretation. Several pieces of obser- 
vational evidence indicate that instrument light 
scattering does not contribute significantly to the 
signal at this wavelength: (i) Light scattering 
creates spectral oscillations that stop around 1.6 um, 
even for the strongest artifacts. (ii) The absorption 
band depths at 1.28 um, 1.65 um, and 2.0 um have 
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Fig. 1. Dawn VIR IR observations of Oxo crater on Ceres demonstrate the detection of H20 at the 
surface. (A to D) Reflectance spectra collected where absorption bands of H20 at 1.27, 1.65, and 2 um 
are the strongest (in color) from distinct pixels within a VIR image. Each panel shows spectra from a 
different VIR image, except the average spectrum of Ceres (in black) displayed as a reference, showing no 
H20 absorption bands. Gray rectangles define ranges of wavelengths where the spectra are the least 
reliable because they are at filter junctions [(7) and text]. (E) Oxo crater depicted by the Dawn Framing 
Camera in equirectangular projection. The red dashed line indicates the hummocky sloped material 
surrounding the region of strongest H2O detection; solid red lines indicate linear and multiple juxtaposed 
(and partly overlapping) lobate mass wasting deposits. The yellow lines are superimposed upon arcuate 
fractures subparallel to the terrace scarp. The green arrows point toward the margins of lobate flow 
structures that are similar to other features on Ceres that have been interpreted as ice-cemented flows 
(26). (F) The same FC image mosaic as (A) is made brighter for clarity and overlain by the absorption band 
depth at 2 um measured by the three VIR observations shown in (B) to (D). The area was more shaded 
during the acquisition of FC image than while VIR data were acquired. 
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very similar distributions, consistent with the 
hypothesis that HO absorption is the main con- 
tributor of the 1.65-um feature. (iii) The band 
depth parameter at 1.5 um is mostly sensitive to 
albedo-contrasted surface features, which is radi- 
cally different from the distribution pattern of ab- 
sorptions attributed to H,O. 


Albedo and spectral characteristics 
of Oxo crater 


Bright materials in the Oxo crater cover the north- 
ern and eastern rims, as well as a portion of the 
floor at the foot of the southern rim. The highly 
reflective unit has a negative spectral slope as a 
function of wavelength (bluer) in the near-infrared, 
whereas the rest of Ceres has a neutral or slightly 
positive spectral slope. VIR spectra with strong 
absorption bands at 1.28, 1.65, and 2 um have a 
reflectance at 1.1 1m that is about 10% lower than 
the rest of the high-albedo unit and a moderately 
negative spectral slope (Fig. 2, M to O). 

In Fig. 2F, VIR data from June 2015 overlain 
on FC images reveal that H,O-rich materials 
correspond to high-albedo materials on the floor 
of the crater and possibly on the southeastern 
scarp above the rim. In all three observations, the 
illumination conditions (season and time of day) 
were similar, with a local incidence angle of 50° 
at noon local time. In an interval of 72.5 hours 
(nine cerean days), no variations of water ab- 
sorption band depths could be measured, because 
instantaneous field of view of the observations 
did not overlap (Fig. 2F) and the H,O-rich spot 
was likely smaller than a VIR pixel size (1.1 km). 
Only the two observations on 6 June 2015 sampled 
the high-albedo unit of the southern part of the 
crater floor, and both indicate an absorption band 
depth of about 8%. In the observation acquired on 
9 June 2015, pixels were adjacent to only the bright 
spot—gaps exist between projected pixels because 
of the motion of the spacecraft—and the maximum 
absorption band depth measured was 3%. 

Observations acquired in May 2015 (Fig. 1A) are 
consistent with an exposed H,O-rich composition 
1 month before the detection of the strongest ab- 
sorption bands. The difference in spatial resolution 
between the Approach and Survey phases of the 
mission is sufficient to explain the differences in 
absorption band depth. These measurements sug- 
gest compositional stability within this time frame 
and a quantity of H.O large enough to survive at 
the surface. 


Spectral fitting by linear 
combination of spectra 


Candidate materials (9, 17) that exhibit absorp- 
tion bands similar to VIR spectra of Oxo are free 
H,O ice and H,O-bearing minerals (mineral 
hydrates) such as chloride hydrates, magnesium 
sulfate hydrates (MgSO,-nH,O), ammonium sul- 
fate hydrates (NH,SO,-nH,0), sodium sulfate hy- 
drates (Na,SO,-nH,O), and sodium carbonate 
hydrates (Na,CO3-2H,O0), where 7 is the number 
of H,O molecules per molecule of the mineral. 
To interpret the composition of the H,O-rich 
area in Oxo, we compared VIR spectra with labo- 
ratory spectra of several candidate materials by 
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Fig. 2. Dawn VIR infrared observations of Oxo crater on Ceres obtained 
during the Survey phase of the mission demonstrate the detection of H20 
at the surface. (A to C) Reflectance at 1.1 um, showing the location of a high- 
albedo surface unit. (D to F) Absorption band depth of H2O at 1.65 um. The brightest 
pixels correspond to the occurrence of the deepest absorption band. (G to I) 
Absorption band depth of H20 at 2 um. (J to L) Surface temperature retrieved from 
VIR data (43), which is also sensitive to terrain slopes. (M to O) Infrared spectral 


SCIENCE sciencemag.org 


2015 June 6 2015 June 9 
VIR IR 486829447 VIR IR 487089319 


320° 330° 340° 350° o° 340° = 350° o° 10° 20° 30° 


0.011 0.022 


0.012 0.024 


slope. (P) Two-dimensional color table that describes the meaning of the colors in 
(Q) to (V). (Q to S) Two spectral parameters (reflectance at 1.1 um and absorption 
band depth at 2.0 um) are represented in the same map, which illustrates the 
presence of H20-rich materials within the high-albedo unit. H2O-rich materials 
(blue) exist within a high-albedo area (yellow) in the southern rim of the crater. 
(T to V) Same as (Q) to (S), except that the incidence angle with respect to the 
shape model of Ceres is overlain as a texture to better see the topography. 
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means of spectral modeling (29). An areal mixture 
is the simplest model, and it can be calculated by 
a linear combination of spectra. A linear spectral 
mixture does not necessarily represent light scat- 
tering in an ice-cemented regolith, which is an 
intimate mixture that results in nonlinear combi- 
nations of the spectra of each component. In 
addition, in the ranges of wavelengths of the H,O 
absorption bands (where HO is mostly opaque), 
intimate mixing with a less absorbing material 
results in increased apparent overall reflectance 
and enhanced contrast of the absorption bands 
(23). This phenomenon of light scattering is also 
consistent with the fact that, in VIR spectra, the 
2-um absorption overtone of H,O is almost as 
strong as the 3-um fundamental absorption, which 
is never observed when H,0O ice is pure unless the 
3-um band is saturated. In Fig. 3 and Fig. 4, the 
spectra of pure components are multiplied by 
the coefficient of linear mixing; their sum added to 
the offset (dotted straight line) equals the modeled 
spectrum on top. 

Figure 3 illustrates models (29) of spectral 
fitting of the same VIR spectrum with laboratory 
reflectance spectra of pure components between 
1.02 and 2.5 um at temperatures relevant to the 
asteroid belt and Jupiter satellites (30). Relative 
to VIR spectra, most chloride hydrates (37) have 
absorption bands of H,O shifted toward shorter 
wavelengths (not represented here), except for 
frozen brines of the eutectic mixtures MgCl.-12H,O 
(Fig. 3F), KCI-H,O, and NaCl-2H,O. In all cases, 
laboratory spectra have a much higher reflectance 
than the surface of Ceres, which can be explained 
by mixtures on Ceres with low-albedo materials. 
The purpose of these comparisons is to visualize 
the position and shape of all the absorption bands 
associated with HO. Because the average spectrum 
of Ceres is relatively featureless between 1 and 
2.5 um (8), the models simulate these mixtures 
by scaling the reflectance spectra of pure com- 
ponents (gain) and by adding a spectrally neutral 
contribution (offset). The scaling factor is sensitive 
to the abundance of the H,O-rich component, and 
the offset compensates empirically for some photo- 
metric effects and the absorption of neutral mate- 
rials potentially present in the mixture. Achievement 
of a good quality of fit with this simple model 
indicates that several spectra of mineral hydrates 
can be considered in the interpretation and for 
future laboratory analyses, despite incomplete 
documentation of sample temperature and num- 
ber of H2O molecules in some mineral hydrates 
that are currently available. 


Interpretation of linear 
combination of spectra 


The spectral features of several HO-rich mate- 
rials can fit VIR spectra for the small Oxo zone 
(Fig. 3). Among these candidates, H,O ice pro- 
vides the best fit of all (RMS = 0.00187%), hydrated 
sodium carbonates and hydrated magnesium sul- 
fates are the next best (0.00262% < RMS < 
0.00304%), and spectra of ammonium sulfates 
and sodium sulfates result in higher model resid- 
uals (RMS > 0.0032%). By definition, the RMS 
is proportional to the standard deviation of the 
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Fig. 3. Analysis and interpretation of the composition of H20-rich materials in Oxo. In each panel, 
one reflectance spectrum of the H2O-rich zone in Oxo crater from Dawn VIR IR observation 486828195 


residuals. For the best fit (Fig. 3A), the residuals 
from fitting an H,O spectrum to the VIR spectrum 
of Oxo are on the same order of amplitude as 
the instrument calibration uncertainties, and their 
respective standard deviations are similar. 

Figure 4 presents the same VIR spectrum as in 
Fig. 1 from 1.02 to 4.2 um, fitted with an HO ice 
spectrum linearly combined with the average 
spectrum of Ceres’ surface and a spectral slope 
(straight line). The quality of fit over the extended 
range of wavelength, including the broad OH 
stretch fundamental absorption, demonstrates 
the presence of H,O and confirms that water 
ice is the most likely component. 

The scaling factor of 0.0057 in Fig. 4 only gives 
a lower limit for the proportion of HO ice in the 
surface covered by one pixel, because the H,O- 
rich area in Oxo is not spatially resolved, and be- 
cause low-albedo materials optically dominate 
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thin, black near top) is compared with a scaled reflectance spectrum of a pure hydrated component 
thick, black). Gray rectangles define ranges of wavelengths where the spectra are the least reliable. 
Scaled laboratory spectra of several H2O-rich samples (thin, black near bottom) and the offset (dotted 
ine) used in each fit are shown. Near the bottom of each plot, model residuals (dashed curve) provide an 
indication of the quality of fit, along with the RMS value. (A) H20 ice spectrum from the Johns Hopkins 
University Applied Physics Laboratory spectral library (22, 44). (B, D, and E) Spectra of mineral hydrates 
30). (©) Monohydrated sulfate kieserite from the Reflectance Laboratory (RELAB) at Brown University 
45). (F)The spectrum of frozen eutectic mixture MgClo-12H20 is from (31). 


when they are intimately mixed with a high- 
albedo material. Assuming, from Fig. 1, that the 
high-albedo area in Oxo crater floor is rich in 
H,0O ice, and that it corresponds to half of the 
surface covered by one pixel, then the proportion 
would be approximately 1% for the pixel that 
exhibits the strongest 2.0-um absorption band. In 
the case of HO ice mixed with low-albedo mate- 
rial, over time, the sublimation of HO alone would 
leave a low-albedo lag deposit, forming a layer on 
top. Laboratory experiments of the effects of 
sprinkling charcoal grains on frost (22) indi- 
cate that reflectance decreases at a higher rate 
than the fractional areal coverage, and that a 
reflectance of 0.07 at 1 um can be achieved with 
30% areal coverage of ice. Our estimates from 
these calculations and assumptions is that the 
areal proportion of H,O ice on the 1-km”, high- 
albedo area is likely between 1 and 10%. 
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Fig. 4. Modeling of one 
reflectance spectrum of the 
H20-rich zone in the Oxo crater 
from Dawn VIR IR observation 
486828195 with a linear com- 
bination (simulation of an areal 
mixture) of H20 ice, the aver- 
age spectrum of Ceres and a 
spectrally neutral, low-albedo 
spectral component (dotted 
straight line). This synthetic, 
spectrally neutral component 
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Discussion 


Among all VIR spectra acquired up to the Survey 
phase of the Dawn mission, Oxo is the only place 
on Ceres where we have found measurements of 
absorption band depth of 1% or more at 1.65 and 
2.0 um that correspond without ambiguity to the 
expected shape of H,O absorption bands. These 
bands are most likely due to surface materials. 
Although cryovolcanic-like morphological features 
such as Ahuna Mons (32) suggest that HO ice 
might be present in the crust, hydrated salts were 
probably responsible for the liquid phase needed 
to form the mountain. However, H,O-rich mate- 
rials are not detected by spectroscopy at those 
places, because they are likely not exposed. There 
is no obvious connection with the finding of HO 
on the floor of the Oxo crater and previous re- 
ports of H,O molecules above the surface of Ceres: 
(i) The location of Oxo differs from the reported 
HO molecule release on equatorial regions (13), 
and (ii) although haze was reported on Oxo and 
Occator (J4), no surface H,O has been identified 
by VIR within Occator (75). 

The nature of the H,O-rich surface of Oxo 
crater (H,O ice or mineral hydrates) remains to 
be determined. VIR near-infrared spectra are 
better fitted by H,O ice spectra than by hydrated 
minerals (Fig. 3); however, interpretation is still 
open. Thermodynamical properties can further 
constrain results provided by these initial obser- 
vations. The small H,O-rich area at Oxo may sug- 
gest a local origin. However, the finding of HO in 
a place that is likely protected from direct sun- 
light for most of the day (except around noon local 
time), even near summer solstice (solar longitude 
Ls was 81° on 6 to 9 June 2015), suggests the detected 
H,O component could be more stable at this loca- 
tion because of limited direct solar illumination. 

Pure surficial H,O ice would sublime under 
current thermal conditions on Ceres (25, 33, 34), 
where daytime surface temperatures 7 span the 
range 180 to 240 K (7), with T > 200 K found in 
Oxo crater from 11 hours to 12 hours local solar 
time. This localized detection of exposed H,O 
on the surface of Ceres could be consistent with 
predictions (25) of a near-surface ice table be- 
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ginning at ~50° latitude, and of local surface ice 
deposits on a rough terrain; for example, at the 
latitude of Oxo, 1 m of pure, cohesive water ice 
would disappear within a few hundred years (25). 
Free water ice would require a relatively recent 
exposure of H,O at the surface by landslides, by 
outgassing of water vapor followed by condensa- 
tion, or by eruption of liquid water (cryovolcanism). 
According to some models, cometary-like activity 
or a landslide could expose H2O ice mixed with 
dust. Depending on the amount of dust in the ice, 
it would become spectrally undetectable within 
10 years (33, 35) or tens of years because dust would 
become the dominant material within the optical 
thickness (a few micrometers at most). Even in the 
case of an ice-cemented regolith (more thermo- 
dynamically stable than pure water ice), the ablation 
rate would be significant over one cerean year. 

We have estimated ice loss rates obtained by 
modeling surface and subsurface temperatures 
on Ceres by balancing surface insolation, thermal 
emission, and conduction to the subsurface (33) 
and incorporating a pole-vector determination 
from Dawn data. At 44°N, ablation is estimated 
to be 4mm each cerean year, assuming horizontal 
ground, with an albedo of 13.5% and thermo- 
physical parameters of ice-cemented regolith. At 
the solar longitude Ls = 81° when VIR observations 
were acquired, modeled water vapor production 
oscillated between 0.08 kg s’ km”? just before 
dawn to 0.22 kg s' km in the afternoon. How- 
ever, in the case of a pole-facing slope of 20° ice 
loss is only ~50 um of ice per cerean year, which 
makes the life span of a H,O-ice rich layer about 
80 times that of a flat surface. 

Hydrated minerals could have formed very 
early in Ceres’ evolution by contact with H,O, 
either ice or liquid, before being exposed. Once 
at the surface, these species would dissociate at 
a slower rate than water ice, especially those with 
fewer HO molecule bonds (30, 36). This is con- 
sistent with H,O absorption bands of hydrated 
salts becoming asymmetric and shifted toward 
wavelengths shorter than 2 um, sometimes by more 
than 0.1m, compared to water ice (Fig. 3), indicating 


higher energy and thus stronger bonds (37, 38). 
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At least four ways to create or transport of HO 
on Ceres can be considered, listed here from the 
most likely to the least: (i) Exposure of endogenous 
near-surface H,O-rich materials from an impact or 
local landslide could be consistent with both 
mineral hydrates and water ice. Other high-albedo 
units and young craters observed across Ceres 
may be preferential locations for searching for 
H,O-rich materials. (ii) Release of subsurface 
H,O occurs on comet nuclei and may exist on 
Ceres, although some models [e.g., (35)] predict 
that water vapor should not recondense. Long- 
lived radionuclide heat from the core (9-11) and 
potassium salts in the mantle or crust (17) may 
not be enough to drive endogenic activity that 
reaches the surface; however, collisions such as 
the one that created Oxo may have caused long- 
term activation (or reactivation) of regions with 
an ice-rich subsurface. (iii) Infall of hydrated 
meteorites or comets is a scenario that has brought 
OH-rich or H,O-rich materials onto the surface 
of Vesta (39, 40), and Oxo itself is a geologically 
recent impact (superposed crater counts suggest 
an age of less than 1 million to 10 million years); 
however, these H.O molecules may well disso- 
ciate from the kinetic energy dissipated by the 
collision. (iv) The molecule of H,O may form by 
implantation of protons from the solar wind as is 
the case on the Moon (42). Effects of the solar wind 
have not been observed on Vesta (42) despite a 
higher flux of solar wind particles [the distance 
from the Sun is shorter at Vesta (2.15 to 2.57 AU) 
than at Ceres (2.56 to 2.98 AU)]; therefore, this is 
not a probable origin of OH on Ceres. 
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Dawn arrives at Ceres: Exploration of 
a small, volatile-rich world 


C. T. Russell,!* C. A. Raymond,” E. Ammannito,’ D. L. Bueczkowski,’ M. C. De Sanctis,* 
H. Hiesinger,*® R. Jaumann,°® A. S. Konopliv,” H. Y. McSween,’ A. Nathues,® R. S. Park,” 
C. M. Pieters,° T. H. Prettyman,’° T. B. McCord,” L. A. McFadden,’ S. Mottola,® 

M. T. Zuber,” S. P. Joy,’ C. Polanskey,” M. D. Rayman,” J. C. Castillo-Rogez,” P. J. Chi," 
J. P. Combe," A. Ermakov,” R. R. Fu,'* M. Hoffmann,® Y. D. Jia,’ S. D. King,’® 

D. J. Lawrence,® J.-Y. Li,!° S. Marchi,'® F. Preusker,® T. Roatsch,° O. Ruesch,’” 


P. Schenk,’” M. N. Villarreal,’ N. Yamashita’° 


On 6 March 2015, Dawn arrived at Ceres to find a dark, desiccated surface punctuated 
by small, bright areas. Parts of Ceres’ surface are heavily cratered, but the largest 
expected craters are absent. Ceres appears gravitationally relaxed at only the longest 
wavelengths, implying a mechanically strong lithosphere with a weaker deep interior. 
Ceres’ dry exterior displays hydroxylated silicates, including ammoniated clays of 
endogenous origin. The possibility of abundant volatiles at depth is supported by 
geomorphologic features such as flat crater floors with pits, lobate flows of materials, 
and a singular mountain that appears to be an extrusive cryovolcanic dome. On one 
occasion, Ceres temporarily interacted with the solar wind, producing a bow shock 
accelerating electrons to energies of tens of kilovolts. 


eres was discovered by G. Piazzi on 
1 January 1801, between the orbits of 
Mars and Jupiter at the heliocentric 
distance expected for the missing planet 
predicted by the Titius-Bode law (1). The 
fourth asteroid to be discovered, Vesta, was ex- 
plored by the Dawn spacecraft from June 2011 
to August 2012 (2). Whereas Vesta is associated 
with a family of vestoids and the howardite- 
eucrite-diogenite (HED) achondrites, Ceres is not 
associated with a family of asteroids or known 
meteorites. Consequently, unlike at Vesta, there 
are few geochemical clues to its composition and 
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few hypotheses to be tested. Remote sensing with 
telescopes at 1 astronomical unit (AU) and probing 
with Earth-based radar have revealed little about 
this low-albedo body, although they do indicate a 
clay-like surface (3, 4). Hubble Space Telescope 
(HST) observations provided a size and shape 
(5) that suggested a geologically differentiated 
body. The size, combined with a mass estimate 
based on its gravitational interaction with Mars 
(6), indicated that Ceres’ average density was 
about 2100 kg-m~*. Thermodynamic models (7, 8) 
predicted from this estimated bulk density that 
Ceres contained 17 to 27% free water by mass, 
and therefore it likely had fractionated into a 
silicate core and a water-rich mantle. These in- 
ferences of a “wet” dwarf planet were supported 
by a possible detection of OH with the Interna- 
tional Ultraviolet Explorer (9), but could not be 
verified from ground-based telescopes. More 
recently, the Herschel Space Observatory con- 
firmed the presence of water vapor molecules 
at Ceres with a source rate of about 6 kg-s (10). 
The possible presence of ammonium-bearing 
minerals (17) and brucite mixed with carbonate 
(12) on Ceres’ surface had been suggested from 
telescopic spectra. Global infrared spectra ob- 
tained on Dawn’s approach to Ceres, without the 
interference of the Earth’s atmospheric water 
and methane, confirmed a match to ammoniated 
phyllosilicates (73). 

Dawn entered orbit about Ceres on 6 March 2015 
and maneuvered into its rotational character- 
ization orbit at a 14,000-km radius in which it 
operated from 23 April to 9 May. A 4900-km 
survey orbit followed from 6 to 30 June, and a 
1950-km radius, high-altitude mapping orbit from 


17 August to 23 October. Its final orbit, low-altitude 
mapping at a radius of 850 km, was entered on 
16 December 2015. A refined Ceres coordinate 
system is anchored by a small crater at 0° lon- 
gitude and 2°S, named Kait (14). Ceres longitudes 
increase eastward, in the direction of rotation 
(15). Using methods described in the supplemen- 
tary materials, we find that Ceres rotates about 
an axis with a right ascension of 291.42° + 0.01° 
and a declination of 66.76° + 0.02° with a period 
of 9.074170 + 0.000001 hours. The declination 
is a change of nearly 8° from that obtained earlier 
by HST (5). The angle between Ceres’ orbital pole 
and rotational pole, its obliquity, is 4°. Ceres’ mass, 
determined from Dawn’s orbital parameters, is 
(9.384 + 0.001) x 10° kg, similar to earlier esti- 
mated values (6). Its triaxial elliptical dimensions 
are 483.1 by 481.0 by 445.9, all + 0.2 km for a 
geometric mean radius of 469.7 km, similar to 
the recent value obtained at the Keck Observa- 
tory with adaptive optics (16). The resulting mean 
density is 2162 + 3 kg m? (see methods section in 
supplementary materials). 

Initial observations revealed Ceres to have a 
heavily cratered dark surface with a geometric 
albedo of ~0.09 (17), but punctuated with widely 
distributed small, bright deposits with one large 
complex of very bright areas on the floor of the 
92-km Occator crater (18), near 239° longitude 
and 22°N latitude (Fig. 1). The location and dis- 
tribution of the bright material in the crater 
floor suggest the presence of several subsurface 
conduits of bright material with differing flu- 
ences rather than emplacement due to multiple 
impacts, although mobilization could be asso- 
ciated with an impact. The material is in low- 
lying areas of the crater floor, albeit not in the 
lowest part of the crater floor. Visible colors of 
the bright material show a distinct spectral char- 
acter (18). Infrared spectra of the bright material 
show the presence of abundant carbonates (19) 
and no detectable water-ice bands. These prop- 
erties are consistent with cryovolcanism, delivering 
materials produced at depth to the surface, but 
not within the time frame of water-ice stability 
on the surface. The ubiquitous distribution of 
ammoniated phyllosilicates across Ceres requires 
a global mixing process (20). 

A4-km-high mountain, Ahuna Mons, is shown 
in Fig. 2, the faces of its flanks exhibiting bright 
streaks. The morphologically fresh appearance of 
the flanks, the general lack of debris at their base, 
and the scarcity of craters on the dome point to a 
geologically young feature. The overall morphom- 
etry and the morphologies on the mountain sum- 
mit have been attributed to a formation through 
viscous extrusion. An accompanying paper (27) 
proposes that the extrusive event was enabled by 
the presence at depth of a cryomagma involving 
salts of low eutectic temperatures. 

Although heavily cratered, as are other airless 
bodies in the solar system, the surface of Ceres 
differs from those of other bodies of similar 
size. Figure 3 compares similarly sized typical 
craters on Vesta, Ceres, and Rhea, an icy moon 
of Saturn. The vestan crater is excavated in deep 
regolith and is bowl-shaped with an almost circular 
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rim; the rhean crater is excavated in 
hard, cold ice and has an irregularly 
shaped rim and an irregular floor and 
steep walls. Although the cerean cra- 
ter also has an irregularly shaped rim, 
an irregular floor, and steep walls, 
there is a large region of smooth floor, 
suggesting the production of impact 
melt. These craters illustrate that the 
surface of Ceres is intermediate in 
strength between that of rocky Vesta 
and icy Rhea. Impact melt was not ob- 
served at Vesta in appreciable amounts 
(22, 23); thus, because of similar ex- 
pected impact velocities, this observa- 
tion is consistent with the presence 
of ice and other volatiles in the rocky 
crust of Ceres (24). However, if ice 
dominated the cerean crust, then cra- 
ters would be expected to relax on 
short time scales (25). Because the 
crater size-frequency distribution (26) 
indicates that little relaxation occurs 
at the shorter wavelengths, the frac- 
tional content of ice in the crust must 
be limited. A mixture of ice and rock 
(or salt hydrates) could have the 
strength to retain these craters over 
billions of years (27). Ceres’ crater 
distribution (26) and geomorphology 
(24) support the inference of a me- 
chanically strong crust and upper 
mantle composed of rock, ice, and 
possibly salt hydrates that is period- 
ically mobilized to produce extrusive 
features such as Ahuna Mons, as well 
as flow features and bright deposits. 
To date, only one area in the Oxo 
crater, centered at 359.7°E and 42.2° 
N, shows evidence of H,O-rich sur- 
face materials (28). Exposed ice on 
Ceres at such mid-latitudes should 
become undetectable within hundreds 
of years, implying that Oxo has an 
active or recently exposed surface. 

The gravity measurements described 
in the supplementary materials in- 
dicate that Ceres is close to hydro- 
static equilibrium, with evidence for 
a denser core and low-density mantle 
and crust. The observed lack of large 
basins (24) and the subdued power 
at long wavelengths in Ceres’ topo- 
graphic spectrum indicate efficient 
relaxation of the topography at depth 
in the lower mantle, whereas the re- 
tention of small- to medium-sized cra- 
ters points toward a strong upper 
mantle or lithosphere. 

The Herschel Space Observatory 


detected water vapor around Ceres (JO), but a 
search in forward-scattering conditions during 
the initial highest-altitude polar orbit in April and 
early May 2015 showed no scattered light due to 
possible ejected particles. A study of the bright 
regions on the Ceres surface, over the interval 
for which surface brightness has been measured 
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Fig. 1. Occator crater (239.3°E, 19.8°N) imaged from 1500-km altitude 
in a panchromatic filter. The brightest material has a normal visible albedo 
of about 0.5. 


Fig. 2. Panchromatic image of Ahuna Mons (316.2°E, 10.5°S) from the 
low-altitude mapping orbit. 


with HST and then with Dawn, did not reveal 
any brightness changes during this period at 
30-km scale (7). Dawn’s instruments are not well 
suited to the type or level of water vapor reported 
by Herschel. A search for a detectable exosphere 
on Ceres using the Cosmic Origins Spectrom- 
eter on the HST was also unsuccessful (29). 
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An unexpected detection of ener- 
getic charged particles at Ceres may 
have an exospheric link. Figure 4 
shows counts in the Dawn Gamma 
Ray and Neutron Detector (GRaND) 
(30) at an altitude of 4400 km. 
Results indicate detection of ener- 
getic electrons in the nadir-pointing 
detector, which has a field of view 
of close to 2m steradians. The broad 
peak on 18 to 21 June is a solar 
proton event. The unusual features 
are the rapid bursts seen on three 
successive orbits. These spikes in 
the counting rates are caused by the 
electromagnetic (bremsstrahlung) ra- 
diation produced by energetic elec- 
trons of many tens of kilo-electron 
volts impinging on the spacecraft. 
As shown in the supplementary ma- 
terials, the locations of the obser- 
vations on each of the three orbits 
over a 7-day period are plotted on a 
solar-oriented coordinate system. Al- 
ternatively, no ordering is seen if 
planetary longitude is used. Other 
energetic particle events have been 
detected during cruise, Vesta, and 
Ceres encounters; however, there were 
no accompanying electron bursts like 
those seen in Fig. 4. Similar elec- 
tron bursts are seen by detectors on 
spacecraft in high-Earth orbit in the 
solar wind when the magnetic field 
at the spacecraft lies tangent to the 
surface of the bow shock. These sig- 
nals are attributed to rapid accelera- 
tion of electrons to very high energies 
(31). When the interplanetary field 
lines are convected through the shock, 
the electrons orbiting that magnetic 
field line experience an increasing 
field strength that, near the point 
of tangency of the field line and 
the shock, rapidly accelerates elec- 
trons gyrating nearly perpendicular 
to the magnetic field up to very high 
energies. This mechanism is called 
fast Fermi acceleration (32, 33) as 
it involves a magnetic mirror that 
moves very rapidly. 

There are two ways for Ceres to 
produce a bow shock in a transient 
manner lasting ~6 days. First, a 
weak atmosphere at Ceres consistent 
with the Herschel observations could 
have been ionized by the energetic 
particles in the solar wind, mass 
loading the solar wind and producing 
a bow shock as the solar wind was 


deflected around the mass-loading obstacle. 
When the solar particle event terminated, the 
ionization stopped, and this exosphere would 
gradually disappear. The expected time scale 
for such a temporary exosphere to disappear is 
of the order of a week (34). A second means of 
possibly deflecting the solar wind is via the 
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Fig. 3. Comparison of the morphologies of typical fresh craters of similar size. Torpeia crater on Vesta (A) is 40-km wide; Ikapati crater on Ceres (B) is 48-km 
wide; Inktomi crater on Saturn's icy moon Rhea (C) is 49-km wide. 
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WATER SPLITTING 


A highly active and stable IrO,/SrirO, 
catalyst for the oxygen 


evolution reaction 


Linsey C. Seitz,! Colin F. Dickens,” Kazunori Nishio,?** Yasuyuki Hikita,? 
Joseph Montoya,” Andrew Doyle,” Charlotte Kirk,” Aleksandra Vojvodic,” 
Harold Y. Hwang,”** Jens K. Norskov,”” Thomas F. Jaramillo”?* 


Oxygen electrochemistry plays a key role in renewable energy technologies such as fuel cells 
and electrolyzers, but the slow kinetics of the oxygen evolution reaction (OER) limit the 
performance and commercialization of such devices. Here we report an iridium oxide/strontium 
iridium oxide (lrO,/SrlrO3) catalyst formed during electrochemical testing by strontium 
leaching from surface layers of thin films of SrlrO3. This catalyst has demonstrated specific 
activity at 10 milliamps per square centimeter of oxide catalyst (OER current normalized to 
catalyst surface area), with only 270 to 290 millivolts of overpotential for 30 hours of continuous 
testing in acidic electrolyte. Density functional theory calculations suggest the formation of highly 
active surface layers during strontium leaching with IrO3 or anatase IrOz motifs. The IrO,/SrlrO3 
catalyst outperforms known IrO, and ruthenium oxide (RuO,) systems, the only other OER catalysts 


that have reasonable activity in acidic electrolyte. 


dvances in renewable energy largely rely 

on technologies for energy conversion and 

storage to mitigate intermittency issues as- 

sociated with wind and sunlight. Electro- 

chemical processes such as water splitting 
and CO, reduction have been widely studied for 
conversion of electrical energy into fuels and 
chemicals. Water oxidation, or the oxygen evolu- 
tion reaction (OER), plays a key role by providing 
the protons and electrons needed for these pro- 
cesses; improving the efficiency and durability of 
OER catalysts has a direct impact on device ef- 
ficiency and cost effectiveness. Here we report 
an OER catalyst that demonstrates activity and 
stability in acid electrolyte. 

Decades of research investigating catalysts 
for the OER have led to substantial advance- 
ments in the field and the development of active 
catalysts. However, even the best currently known 
catalysts require >320 mV overpotential to reach 
10 mA/cm?oxiae (I-8), a measure of intrinsic ac- 
tivity acquired by normalizing the OER current 
to the catalyst surface area. To partially over- 
come the low intrinsic activity of known OER 
catalysts, the activity of an OER electrode can 
be improved on a geometric-area basis by in- 
creasing catalyst loadings or by improving cata- 
lyst morphologies to expose large surface areas. 
Such approaches, however, can ultimately become 
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limited by mass transport and/or catalyst conduc- 
tivity. Another major concern is the cost and 
scarcity of precious metal-based OER catalysts, 
particularly in acidic electrolyte. 

Whereas there are a plethora of precious and 
nonprecious metal catalysts that exhibit activity 
and stability in alkaline electrolyte, IrO, and RuO,, 
are currently the only known materials that can 
reach ~5 mA/cm?,,iae With overpotentials less 
than 750 mV in acidic electrolyte (J, 9). New OER 
catalysts for use in acidic environments could 
have a direct impact on improving polymer elec- 
trolyte membrane-based water electrolyzers, a 
recent technology that overcomes many of the 
disadvantages of conventional alkaline electro- 
lyzers (10) but in which OER catalysts are pri- 
marily restricted to IrO,. 

The recent development of techniques for 
high-quality growth of epitaxial complex oxide 
thin films and heterostructures provides an 
intriguing opportunity for the conception and 
fundamental study of OER catalysts (J, 12). 
Using such an approach, we developed a cata- 
lyst IrO,/SrIrO3, which is stable in acidic elec- 
trolyte and substantially outperforms known 
IrO, catalysts. We applied density functional 
theory (DFT) calculations and several materials 
characterization techniques to understand the 
possible active sites contributing to the extremely 
high activity. 

The bulk material of this catalyst consists of 
epitaxial SrIrO; thin films deposited on SrTiO 
substrates by pulsed laser deposition (PLD; details 
are provided in the supplementary materials) (12). 
The catalyst activity and stability was assessed 
in 0.5 M H.SO, by using alternating cyclic vol- 
tammetry and chronopotentiometric holds at 
10 MA/CM? geo (current normalized to the geomet- 
ric surface area of the electrode or the catalyst 
substrate) in a procedure similar to that which 


has been used in benchmarking studies for other 
electrochemical catalysts (7). Figure 1A shows the 
potential required to reach 10 mA/ CM” seo during 
a 30-hour stability test, and fig. SIA shows ex- 
ample cyclic voltammograms (CVs) taken peri- 
odically during testing. Figure 1B shows a Tafel 
plot of the intrinsic, or specific, activities for both 
films over the course of the stability test, compared 
with the best reported catalysts in acidic electrolyte 
(1, 13). Initially, the films require 340 mV of over- 
potential (measured by CV) to reach 10 mA/cm? oxide 
and improve to 320 mV of overpotential after 
10 min of testing. The catalyst continues to increase 
in activity during the first 2-hour chronopotentio- 
metric hold and requires only 270 to 290 mV of 
overpotential to reach 10 mA/cm7 oxide for the re- 
mainder of the measurements. Figure 1B also pres- 
ents specific activity for a flat 40-nm epitaxial rutile 
IrO, (110) film deposited on TiO, (110) by PLD as a 
direct comparison with our sample morphology. 
This rutile IrO, film has similar activity to rutile 
IrO, and RuO, nanoparticles (13) when normalized 
to the catalyst surface area, but the IrO,/SrIrO, 
catalyst outperforms all of these by two orders 
of magnitude. Whereas Fig. 1B compares the 
IrO,/SrIrO; catalyst with some of the best cata- 
lysts showing activity and reasonable stability 
in acidic electrolyte, for further comparison, an- 
other Tafel plot is shown in fig. S1B that includes 
the best reported catalysts in both acidic and 
alkaline electrolyte. 

DFT calculations were performed to provide 
further understanding of the nature of the SrIrO3 
surface and its high activity. Consistent with pre- 
vious studies (14, 15), we assumed a four-step OER. 
mechanism that proceeds through OH*, O*, and 
OOH* (where the asterisk indicates surface-bound 
species), and we evaluated OER activity on the 
basis of the theoretical overpotential, which is 
the overpotential required to make all elemen- 
tary steps exergonic (further model details are in- 
cluded in the supplementary materials). 

DFT simulations of the IrO. termination of 
SrIrO; (001) (Fig. 2B) yielded a theoretical over- 
potential of 0.59 V, which is well above the value 
that we calculated for rutile IrO, (110) (0.38 V). 
This suggests that surface sites at the (001) facet 
may not be responsible for the high activity of 
SrIrO, that we observed experimentally. It is well 
known that alkaline earth metals may leach from 
perovskites under aqueous conditions (J6), and 
in the case of SrIrOs, we calculated a thermodynamic 
driving force of 3.2 eV per Sr atom to form aqueous 
Sr* and rutile IrO, at the relevant experimental 
conditions. We investigated possible motifs of the 
Sr-deficient IrO,/SrIrO; surface by examining a 
variety of overlayer structures that may arise 
during OER and contribute to catalytic activity. 

The first overlayer structure that we considered 
was anatase IrO.. Although rutile is known to be 
the most stable bulk polymorph of IrO,, the 
anatase structure is much more commensurate 
with the SrIrO; perovskite lattice because their 
calculated lattice constants are within 2% of each 
other. The anatase and perovskite structures are 
also very similar when viewed down the ¢ axis— 
both consist of IrOg octahedra that share corners 
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Fig. 1. Electrochemical activity. (A) Potential required to reach 10 MA/CM geo for IrO,/SrlrO3 films over 
30 hours of electrochemical testing, measured using cyclic voltammetry (markers) and chronopotentio- 
metric holds (lines). (B) Tafel plot comparing specific activity of IrO,/SrlrO3 with that of OER catalysts in 
acidic electrolyte. Green lines show 100-nm IrO,/SrlrO3 and blue lines show 60-nm IrO,/SrlrO3 specific 
activity at various points during electrochemical stability testing. The red line shows specific activity for a 
40-nm rutile IrOz (110) film. Gray and black lines and squares are duplicated from literature (1, 13). NP. 


nanoparticles. RHE, reversible hydrogen electrode. 


in the (00/) planes—suggesting that a transforma- 
tion between them may be kinetically accessible. 
Furthermore, the growth of micron-sized (001)- 
oriented TiO, anatase crystallites has been ob- 
served experimentally after soaking SrTiO; in 
water (17). On replacement of the top two layers 
of SrIrO3 with anatase IrO. (001) (Fig. 2C), we 
calculated a stabilization of 2.2 eV per Sr atom 
and a theoretical overpotential of 0.30 V. For the 
limiting case of pure anatase IrO, (001) (Fig. 2D), 
which may occur in thicker overlayers where strain 
has been released, we calculated a similar theoretical 
overpotential of 0.28 V, which is very near the peak 
of the OER volcano (Fig. 2A). This is in agreement 
with a recent theoretical study of several metastable 
polymorphs of IrO, in the low coverage limit that 
found anatase to be the most active (18). 

The second IrO, overlayer structure that we 
considered was produced by simulated annealing 
using ab initio (DFT) molecular dynamics with 
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the IrO.-anatase/SrIrOz structure as an initial 
guess. This structure can be viewed as similar to 
ReOs; with a “sheet” of oxygen removed in the 
(100) plane, which results in a series of square 
coordinated IrO, planes anchored by SrlIrO3 
(001) (Fig. 2E). The stability of this structure is 
similar to that of the anatase overlayer starting 
point, but its calculated theoretical overpotential 
(0.78 V) was found to be much worse. Filling the 
vacant (100) planes with oxygen to form an IrOs 
film stabilizes the structure by -0.03 eV per O 
atom at OER equilibrium and improves the theo- 
retical overpotential to 0.47 V (Fig. 2F). Removal 
of a third layer of Sr further reduces the over- 
potential value to 0.28 V (Fig. 2G). The observa- 
tion of nominal Ir oxidation states greater than 4+ 
is unusual in solid oxides, but we predict their stability 
under the oxidizing experimental conditions. 
Ultimately, our calculations suggest that the 
activity of SrIrO, is improved as Sr leaches into 


the electrolyte and that the formation of sites 
similar to IrO; or anatase IrO. may be responsi- 
ble for the experimentally observed activity. Al- 
though we cannot exclude other, even more stable 
and active overlayer structures, these calcula- 
tions illustrate that Sr deficiencies in the near- 
surface of SrIrO. can induce substantially improved 
OER activity on Ir sites. It is also worth noting 
that the surfaces considered in this study are 
concentrated at the more favorable, lower bound 
of the previously reported universal scaling rela- 
tionship between OH and OOH (J0) (Fig. 2). 
This results in an elevated volcano peak in Fig. 
2A and suggests that the most active surfaces 
considered here are at the limit of what is pos- 
sible without breaking the scaling between OH 
and OOH. 

After identifying active sites for this catalyst 
surface that may contribute to the observed ac- 
tivity, materials characterization provided fur- 
ther insight into the catalyst morphology and 
composition before and after electrochemical 
testing. Atomic force microscopy (AFM) was used 
to assess the surface morphology and roughness 
of these films. Figure 3A presents 2- by 2-um 
maps and 2-um line scans for a 100-nm SrIrO; 
film before and after 30 hours of testing. Al- 
though there was some surface rearrangement, 
the films were notably flat as prepared and ex- 
hibited uniform small features after stability test- 
ing. The root mean square roughness and surface 
roughness factors (film surface area normalized 
to geometric area) were quantified for both the 
SrIrO; and the IrO, PLD films and are presented 
in the table in Fig. 3B (AFM maps and line scans 
are shown in fig. S3). These measurements were 
used to normalize the electrochemical activity to 
the actual catalyst surface area, and the flat nature 
of the films allows for accurate quantification of 
specific activity. 

The expected bulk crystal structure of SrIrO3 
was confirmed by x-ray diffraction (XRD). It has 
been previously reported that the perovskite- 
type SrIrO with orthorhombic symmetry is sta- 
bilized on SrTiO; (100) (12, 19, 20); therefore, all 
XRD patterns are labeled using the pseudo-cubic 
notation for SrIrO3. Figure 3C shows diffracto- 
grams of a 100-nm SrIrO; film before and after 
30 hours of testing. Both display the characteristic 
sharp peaks of the SrTiO, substrate and the 
broader peaks of orthorhombic SrIrO3. There 
is some observable decrease in SrIrO3 peak in- 
tensities measured after OER testing, which is 
most visible in the SrIrO (200) peaks (enlarged 
plot in fig. S4), but the bulk of the film appears to 
have remained crystalline. XRD results for the 
IrO, PLD film are shown in fig. S5. 

The surface composition and chemical state of 
the IrO,/SrIrO, catalysts were assessed by x-ray 
photoelectron spectroscopy (XPS). Sample Ir4f 
and Sr3d peaks are shown in Fig. 3D for a 100-nm 
IrO,,/SrIrO; sample before and after 30 min of 
electrochemical testing. The Ir4f peak can be fit 
with two doublets, as has been observed previously 
(21-23), which likely correspond to screened and 
unscreened components of an Ir** state. The Sr3d. 
peak can be fit with two doublets before testing, 
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roughness factor (RF) and root mean square (RMS) roughness (in nanometers) for two SrlrO3 samples and one IrOz sample before and after 30 hours of OER 
testing. (C) XRD of a100-nm SrlrOs film before and after 30 hours of OER testing. (D) XPS on the lr4f and Sr3d peaks for a 100-nm SrlrO3 film before and after 30 min of 
OER testing. (E) Depth sputter profile indicating the relative quantities of each element near the surface after 30 min of OER testing. a.u., arbitrary units. 


but as Sr is leached during the first 30 min of 
electrochemical testing, the signal decreases con- 
siderably and the spectral shape appears to change; 
the spectra are only fit with one doublet after 
testing. Additional XPS spectra are shown for 
Ir4f and Sr3d peaks in fig. S6, along with a more 
thorough peak-fitting analysis. A comparison of 
XPS spectra measured after varying periods of 
electrochemical testing on sister samples shows 
the Sr signal decreasing to 25 to 28% of its orig- 
inal value after 30 min and decreasing to about 
20% of its original value after 24 hours, during 
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which time the Ir signal remains constant. This 
indicates that Sr is leaching from the surface of 
the catalyst during electrochemical testing and 
suggests that the rate of Sr leaching is fastest 
during initial testing and slows or perhaps even 
stops with additional testing, likely because of 
kinetic barriers of Sr transport through the lattice. 
This is in agreement with previous measurements 
of Sr leaching from SrTiO3 (J6). 

Furthermore, a decrease in the Sr XPS signal 
to 25% of its original value after 30 min of electro- 
chemical testing would indicate that about seven 


monolayers of SrIrO; at the surface have been 
completely depleted of Sr. In reality, there is pro- 
bably a distribution of Sr leaching from the top- 
most SrIrO3 layers, as indicated by XPS results 
in Fig. 3E, which shows the Sr and Ir content as a 
function of depth from the catalyst surface. Induc- 
tively coupled plasma optical emission spectroscopy 
measurements of the electrolyte after testing 
provided complementary results, indicating that 
~30 to 50% of the Sr is leached from the films in 
the first 30 min of testing (additional details are 
provided in the supplementary materials). 
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Evidence of Sr leaching and minor surface re- 
arrangement of the resulting IrO, films suggests 
that an IrO,/SrIrO, catalyst is formed in situ and 
becomes increasingly active over the first 2 hours 
of electrochemical testing. Although the exact 
structure of the surface formed during reaction 
is still unknown, DFT calculations have identified 
possible structures that could be kinetically or 
epitaxially stabilized by the interface with SrIrO, 
and could contribute to the very high observed 
activity. The stability and high intrinsic activity 
of this catalyst show promise for its integration 
into renewable energy technologies, such as 
polymer electrolyte membrane electrolyzers, for 
the sustainable production of hydrogen or other 
fuels and chemicals. 
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Enantioselective cyanation 
of benzylic C-H bonds via 
copper-catalyzed radical relay 


Wen Zhang,* Fei Wang,'* Scott D. McCann,” Dinghai Wang,’ Pinhong Chen," 


Shannon S. Stahl,”+ Guosheng Liu’+ 


Direct methods for stereoselective functionalization of sp*-hybridized carbon—hydrogen 
[C(sp*)-H] bonds in complex organic molecules could facilitate much more efficient 
preparation of therapeutics and agrochemicals. Here, we report a copper-catalyzed radical 
relay pathway for enantioselective conversion of benzylic C-H bonds into benzylic 
nitriles. Hydrogen-atom abstraction affords an achiral benzylic radical that undergoes 
asymmetric C(sp°)—-CN bond formation upon reaction with a chiral copper catalyst. 
The reactions proceed efficiently at room temperature with the benzylic substrate 

as limiting reagent, exhibit broad substrate scope with high enantioselectivity (typically 
90 to 99% enantiomeric excess), and afford products that are key precursors to 
important bioactive molecules. Mechanistic studies provide evidence for diffusible 
organic radicals and highlight the difference between these reactions and C—H 
oxidations mediated by enzymes and other catalysts that operate via radical 


rebound pathways. 


he clinical success of potential drug candi- 

dates has been shown to correlate with the 

fraction of sp*-hybridized carbon atoms and 

the number of stereogenic centers in the 

molecule (J). Consequently, synthetic meth- 
ods that enable stereoselective functionalization 
of C(sp*)-H bonds could have a major effect on 
the discovery and development of new pharma- 
ceuticals. Enzymatic oxygenases and halogenases, 
such as cytochrome P450 and nonheme iron en- 
zymes (2-4), have inspired the discovery of synthet- 
ic methods for selective oxidation of C-H bonds 
[see, for example, (5-8) ]. These enzymes and related 
small-molecule catalysts function via generation 
of a reactive metal-oxo species that abstracts 
an H atom from a C(sp)-H bond, followed by 
radical rebound (9) to the metal-bound hydroxide 
or halide group (Fig. 1A). Here, we report a com- 
plementary radical relay strategy for C(sp*)-H oxi- 
dation whereby a reactive radical (X-) abstracts 
a hydrogen atom from an sp’-hybridized carbon 
atom to produce a diffusible organic radical. This 
radical is then trapped by a second species that 
generates the functionalized sp® center (Fig. 1B). 
This concept is demonstrated in copper-catalyzed 
enantioselective cyanation of benzylic C-H bonds 
(Fig. 1C). Optically pure alkyl nitriles are featured 
in many bioactive natural products, pharmaceuti- 
cals, and agricultural chemicals (70). Moreover, 
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benzylic nitriles are direct precursors to phen- 
ethylamine derivatives, which represent a broad 
class of hormones, neurotransmitters, and psycho- 
active drugs (11), as well as arylacetic acid deriv- 
atives, which are among the most widely used 
nonsteroidal anti-inflammatory drugs (NSAIDs) 
(12). The stereoselectivity is proposed to arise from 
reaction of an achiral carbon radical with a chiral 
copper(ID) species (L*Cu"—-CN) (13), a pathway that 
contrasts with most enantioselective C-H function- 
alization reactions that involve selective, stereo- 
specific activation of a prochiral C-H bond within 
an organic molecule (/4, 15). 

In recent years, we have been investigating 
Cu-catalyzed methods for oxidation of styrenes 
and other alkenes [for example, (16, 17)], as well 
as C-H bonds (/8). The former reactions are 
proposed to proceed via reaction of a benzylic 
radical intermediate with copper(ID, generating 
an organocopper(III) species that undergoes 
reductive elimination to afford a new C-C or 
C-heteroatom bond. This pathway, which resem- 
bles a number of recently reported nickel- and 
copper-catalyzed cross-coupling methods that in- 
volve the reaction of a carbon-centered radical 
with a transition-metal center [e.g., (13, 19—23)], 
prompted us to consider how analogous con- 
cepts could be applied to C-H oxidation. Kharasch- 
Sosnovsky allylic oxidations and related reac- 
tions provide relevant precedent for this idea 
(24, 25); however, these reactions face constraints 
that have greatly limited their synthetic utility 
over the nearly 60-year history of the reaction. For 
example, the alkene substrate is almost always 
used in large excess relative to the peroxide- 
based oxidant, a feature that severely restricts 
the net product yield and, in turn, the scope of 
suitable substrates. The majority of examples 
feature only simple cyclic alkene substrates, such 
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Fig. 1. Strategies for hydrogen-atom-transfer—mediated C—H oxidation. (A) Radical rebound mechanism for enzymatic and biomimetic C-H hydroxylation 
and halogenation (X = halide). (B) Radical relay pathway for C—H oxidation involving formation of a free radical that is trapped by a reactive metal center. (C) Proposed 
mechanism for Cu-catalyzed enantioselective cyanation of benzylic C-H bonds via radical relay. 


as cyclopentene and cyclohexene. Reports of 
enantioselective reactivity retain this limited 
substrate scope and are characterized by poor 
catalytic efficiency that can result in multiday 
reaction times (26, 27). A synthetically useful 
radical-relay C-H oxidation method would need 
to overcome these limitations. 

The pharmaceutical interest in benzylic ni- 
triles and products derived therefrom, together 
with the formation of benzylic nitriles in certain 
alkene difunctionalization reactions (17, 28) [for 
broader context, see (29)], prompted us to target 
a method for enanatioselective cyanation of benzylic 
C-H bonds. Initial efforts focused on generation of 
benzylic radicals via hydrogen-atom abstraction in 
the presence of copper(II) and a cyanide source. 
We posited that reductive activation of peroxides 
and other diheteroatom-bonded oxidants (see 
X-Z, Fig. 1C) with a copper(I) source should afford 
a reactive radical species and copper(II). A series of 
oxidants, including ‘BuO.H, (‘BuO),, PhCO,'Bu, 


Cu(OAc) (10 mol 
Ligand (12 mol%) 


5 
2 


(PhCO,)s, oxone, N-fluorobenzenesulfonylimide 
(NFSD, and Selectfluor-BF,, were tested in the 
cyanation of 1-ethylnaphthylene, la, with tri- 
methylsilyl cyanide (TMSCN) as cyanide source 
and [Cu(MeCN),.]PF, as the copper(I) catalyst (see 
the supplementary materials for screening data). 
An achiral bis(oxazoline) ligand (L1) was included 
in the reactions, but virtually all of the reactions 
failed to give the desired cyanation product. NFSI 
was the only oxidant that afforded any amount 
of the benzylic nitrile (2a). The yield increased upon 
changing the solvent from acetonitrile to chloro- 
benzene and using CuOAc as the copper source 
(LI, 25% yield) (Fig. 2). Replacing the ligand L1 
with an enantiomerically pure, benzyl-substituted 
bisoxazoline (BOX) derivative L2 and performing 
the reaction in benzene led to a significant improve- 
ment in the yield (up to 91%) and also afforded 
product 2a in excellent (96%) enantiomeric excess 
(ee) (Fig. 2). In each of the reactions in Fig. 2, small 
quantities (trace to 12%) of benzylimide product 


Fig. 2. Reaction opti- 
mization and represent- 
ative ligand screening 


NFSI (1.5 equiv) 
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ere erty or oy 


trimethylsilyl cyanide 
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termined by 1H NMR, 
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cy dy grt performance liquid chro- 
matography (HPLC) with 

L6: 53% (-97% ee)* L7: 37% (-88% ee)* L8: 71% (-97% ee) 


a chiral stationary phase. 
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*Reaction conducted in 
chlorobenzene. 


derived from coupling with the bis(sulfonyl)imide 
of NFSI (30) were detected by proton nuclear 
magnetic resonance ((H NMR) spectroscopy. 

Assessment of various ligands showed that 
BOX ligands were the most effective ligand class, 
and testing of other BOX-ligand variants led 
to further insights and improvements (Fig. 2). 
Replacement of the gem-dimethyl substituents 
with a spirocyclic cyclopentyl group (L3) improved 
the enantioselectivity to 95% ee, whereas use of 
tert-butyl substituents on the oxazolines (LA), 
rather than benzyl groups, led to a significant 
dropoff in yield and enantioselectivity. Only trace 
product was observed with a ligand having an un- 
substituted methylene linker between the two 
oxazolines (L5). Some of the best enantioselec- 
tivities were obtained with indane-derived BOX 
ligands, in particular, L6 and L8. 

In an effort to explore the scope of the benzylic 
cyanation reaction, three conditions identified in 
Fig. 2 were tested with a wide range of alkylarene 
substrates (Fig. 3). Simple 1-alkyl-substituted 
naphthylenes proved to be good substrates, provid- 
ing the desired products 2a to 2e with excellent 
enantioselectivities (96 to 97% ee) in yields of 72 to 
91%. Product 2d, with a free primary alcohol, was 
obtained in excellent enantioselectivity (95% ee), 
but the reaction proceeded with only moderate 
conversion, resulting in a 42% product yield with 
52% unreacted starting material. The analogous 
homobenzylic acetate derivative, however, exhibited 
very good reactivity (87% yield of 2e), while re- 
taining excellent enantioselectivity (99% ee). Ver- 
satile functional groups appended to the aliphatic 
chain, such as chloride, azide, phthalimide (Nphth), 
and carboxylic ester, were very well tolerated (2f 
to 2j). A trifluoromethane sulfonate (OTf) group 
on the aromatic ring did not interfere with the 
reaction (products 2k and 2m) and provides a 
basis for subsequent derivatization of the product 
into more-complex molecules. The compatibility 
of these potentially sensitive functional groups 
included a primary alkyl bromide precursor to a 
CCR1 receptor antagonist of interest for treatment 
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Fig. 3. Substrate scope and synthetic applications of Cu-catalyzed cyanation of benzylic C-H bonds. (A) Substrate scope. (B) Synthetic applications. 
*Reaction conditions: alkylarene as the limiting reagent (0.2 to 1 mmol scale), 10 mole % (mol %) Cul(OAc), 12 mol % ligand; 1.5 equivalent (equiv) NFSI, 3 equiv 
TMSCN, CgHe (0.2 M substrate); under Nz; isolated yields reported. Absolute stereochemical assignments are based on x-ray crystallographic characterization of (R)- 
and (S)-2h; see section 5 in the supplementary materials for details. Negative ee values reflect the opposite enantiomeric configuration relative to that depicted 
graphically. tChlorobenzene used as the solvent. ‘ee value of product after recrystallization. SSee (34). 
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Fig. 4. Experimental and computational studies providing insight into the mechanism of the copper- 
catalyzed cyanation reaction. These include (A) reaction selectivity studies, (B) kinetic isotope effects, 
(C) radical trapping experiments, and (D) DFT computational studies. 


of chronic inflammation (37), highlighting the 
mildness of reaction conditions (Fig. 3B, i). 2-Alkyl 
naphthylenes also proved to be good substrates 
for the enantioselective cyanation, affording 
products 21 and 2m in good yield and enantio- 
selectivity. Desymmetrization of acenaphthene (2n) 
was achieved with good enantioselectivity (79% ee). 

Ethyl- and related alkylbenzene derivatives 
were similarly effective for this transformation 
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(products 20 to 2z and 3a and 3b). The cases 
with reduced yields (e.g., 40 to 60%) typically 
reflect poor conversion, which would allow for 
recovery of valuable unreacted starting material, 
if desired. The enantioselectivity typically remained 
excellent (>90%). With substrates featuring more 
than one benzylic C-H site (e.g., 2n, 2r to 2t, 
2y, and 3a), selectivity for the monocyanation 
product was observed, with consistently high ee. 


Good results were observed in the reaction of 
4-isobutyl biphenyl (2z), demonstrating toler- 
ance of branching in the homobenzylic position 
(see below for further discussion). Tertiary ben- 
zylic C-H bonds and substrates with larger sub- 
stituents in the homobenzylic position were 
found to be unreactive with these catalyst sys- 
tems, presumably because they present too much 
steric hindrance for effective hydrogen-atom ab- 
straction. Numerous substrates containing phar- 
maceutically relevant heterocycles were tested, 
including those with a pyrazole, carbazole, benzo- 
thiazole, benzoxazole, thiophene, and pyridine 
(8¢e to 3i). Yields ranged from moderate to ex- 
cellent (up to 89%), whereas enantioselectivities 
were consistently good to excellent (up to 98% ee). 
Alkyl phenol and anilide substrates were found 
to be unreactive. In these cases, the presence 
of weak O-H and N-H bonds could serve as 
radical traps. Benzene was typically used as the 
solvent in these reactions, on the basis of the 
initial optimization results, but a number of sub- 
strates were also tested in chlorobenzene as an 
alternate less toxic solvent, and excellent results 
were obtained (see 2a, 2c, 2e, 2f, 2h, 2p, 2r, 2v, 
3c, and 3h). In addition, four substrates were 
demonstrated on a 1- to 5-g scale to establish prac- 
tical laboratory-scale utility (2e, Zh, 3d, and 3h). 

The results in Fig. 3 represent the most stream- 
lined method to date for the preparation of 
enantiomerically enriched benzylic nitriles from 
readily available starting materials. Asymmetric 
hydrocyanation of vinylarenes is perhaps the most 
compelling alternative. Such methods have been 
known for some time (32) and are the subject of 
ongoing development (33), but the present meth- 
ods exhibit advantages with respect to substrate 
accessibility (i.e., access to alkyl- versus vinyl- 
substituted arenes), functional-group compatibil- 
ity and substrate scope, and enantioselectivity 
relative to asymmetric hydrocyanation of alkenes. 

The enantiomerically enriched nitriles derived 
from these reactions are excellent precursors to 
phenethylamine and arylacetic acid derivatives. 
For example, benzylic nitriles 2d and 2h were 
subjected to hydrogenation over a Raney nickel 
catalyst, and the resulting primary amines were 
converted to a Boc (tert-butyloxycarbonyl) deriv- 
ative before isolation. This sequence afforded the 
desired products in good yield with no loss in ee 
relative to the starting material (Fig. 3B, ii). Tra- 
ditional methods for nitrile hydrolysis (e.g., in 
the presence of aqueous acid) erode the enanti- 
omeric excess, but a number of biocatalytic pro- 
cesses are emerging for nitrile hydrolysis that 
proceed under very mild conditions (34). Although 
these enzymatic methods were not explored in the 
present study, they provide an excellent strategy 
for conversion of nitriles to arylacetic acids and 
could even provide a means to upgrade the enantio- 
selectivity (Fig. 3B, iii). 

Several observations suggest that site selectiv- 
ity in these reactions is influenced by both steric 
and electronic effects (Fig. 4A). Subjection of 
2-ethylfluorene 4b to the Cu-catalyzed cyanation 
conditions results in selective cyanation of the 
benzylic site of the 2-ethyl group; no cyanation 
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of the highly activated, doubly benzylic meth- 
ylene group of the fluorene is observed. We 
attribute this outcome to steric effects. The con- 
tribution of electronic effects is evident in the 
reactivity of the substituted phenethylnaptha- 
lene derivatives 4:c to 4f. The site selectivity with 
these substrates is quite high, always favoring 
the benzylic position adjacent to the naphtha- 
lene, but the preference increases from 12:1 to 
29:1 as the substituent at the para position 
changes from an electron-donating tert-butyl 
group to an electron-deficient -CF, group. Ex- 
cellent enantioselectivity (97 to 98% ee) is ob- 
served in each case. The site selectivity is further 
evident from the reaction of the homobenzylic 
methyl ether substrate 4g, which affords only 
the benzylic C-H cyanation product in good 
yield and excellent ee. Similarly, benzylic over 
tertiary C-H activation is observed in the forma- 
tion of 2z and suggests that the reactive imidyl 
radical shows exquisite selectivity in the hydrogen- 
atom-transfer (HAT) reaction. This observation con- 
trasts with more potent HAT reagents, such as 
photoexcited benzophenone, which exhibit only 
modest selectivity toward different C-H bonds (35). 

Stereoselectivity issues were probed in the 
reaction of enantiomerically pure homobenzylic 
acetate (R)-4h. Catalysts with each of the enan- 
tiomers of ligand L3 were tested, and both led 
to products with excellent diastereoselectivity, 
reflecting high levels of catalyst- rather than 
substrate-controlled stereoselectivity. The differ- 
ences in diastereomeric ratio and yield of the two 
products probably reflect a matched-mismatched 
effect between the ligand and substrate chirality. 

A competition deuterium kinetic isotope effect 
(KIE) study, employing a mixture of la and la-dp, 
revealed a KIE of 3.5 (Fig. 4B). On the other hand, 
independent measurement of the reaction rate 
of these two substrates revealed only a modest 
difference in rate (KIE = 1.6 + 0.2). These values 
suggest that C-H cleavage is only partially turnover- 
limiting and that another mechanistic step also 
contributes to the catalytic turnover rate (e.g., 
generation of the reactive radical via activation 
of NFSI by Cu’). Additional mechanistic studies 
are ongoing to secure further insights, but several 
observations provide clear evidence for formation 
of a diffusible carbon-centered radical in the re- 
action (Fig. 4C). Subjection of the cyclopropane- 
containing substrate 4 to the reaction conditions 
results in a mixture of the benzylic cyanation 
product 5i and a ring-opened product (7) in 7% 
and 32% yield, respectively, together with a mix- 
ture of other unidentified by-products. Addi- 
tional evidence for a radical intermediate was 
obtained by performing the catalytic reactions 
of 1-ethylnaphthalene (1a) in the presence of O, 
or BrCCls. Under ambient air as a source of Os, 
the reaction generated the racemic benzylic alco- 
hol and ketone in 24% and 55% yields, respec- 
tively. This product mixture is consistent with 
trapping of the organic radical by O2 and sub- 
sequent conversion of the organic peroxyl radical 
into the alcohol/ketone mixture. No cyanation 
product (2a) was observed under the aerobic con- 
ditions. When the reaction was performed in the 
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presence of BrCCl, (2 equivalents), a mixture of 
the benzylic nitrile and bromide products was ob- 
tained (44 and 24% yields, respectively). This product 
ratio, together with precedent for efficient trapping 
of organic radicals by BrCCl, (36), implicates very 
rapid trapping of organic radicals by a chiral 
L*Cu"(CN) species under the reaction conditions. 

The proposed reaction of organic radicals with 
a L*Cu"(CN) species is the subject of ongoing 
investigation, but the high enantioselectivity 
observed in the reactions suggests that the benzylic 
position is in close proximity to the chiral Cu 
center in the enantioselectivity-determining step. 
A plausible pathway involves reaction of the in- 
termediate organic radical with Cu", an open-shell, 
d° metal center, to afford a benzyl-Cu™ species. 
Preliminary density functional theory (DFT) calcu- 
lations support the viability of this pathway (Fig. 
4D). An ethylbenzene-derived radical reacts at 
Cu" in an (L2)Cu"(CN), species with a low bar- 
rier to afford a benzyl-Cu' species. Subsequent 
C(sp*)-CN reductive elimination generates the 
benzylic nitrile product. The calculations suggest 
that the transition state for the addition of the 
benzylic radical to Cu" is lower in energy than 
reductive elimination, indicating that formation 
of the alkyl-Cu™ species is reversible and that 
enantioselectivity is determined by the reductive 
elimination step. An analogous conclusion was 
reached in a recent DFT study of Ni-catalyzed 
cross-coupling reactions, wherein reversible addi- 
tion of an alkyl radical to a Ni" catalyst precedes 
enantiodetermining reductive elimination (37). For 
the present system, the difference in the computed 
activation free energy (AAG ) for reductive elim- 
ination of the two enantiomeric benzylic nitriles 
(1.6 kcal/mol) is very similar to the AAG associated 
with the experimentally observed enantioselec- 
tivity (e.g., AAG’ = 1.5 kcal/mol for 2q) (Fig. 3). 
Moreover, the reductive elimination transition 
states for this pathway are calculated to be slightly 
lower than the calculated barrier for bromine 
transfer from BrCCl; to an ethylbenzene-derived 
radical (AG* = 12.2 kcal/mol) (Fig. 4D), matching 
the slight preference for cyanation over bromi- 
nation noted in Fig. 4C. Although the agreement 
between the computed pathways and several key 
experimental observations is quantitatively closer 
than can be justified by the uncertainties in the 
computational methods, the qualitative agreement 
is consistent with the proposed radical coupling 
pathway with L*Cu"(CN)>. 

The copper-catalyzed method for enantioselec- 
tive cyanation of C(sp*)-H bonds described herein 
represents a valuable demonstration of radical 
relay catalysis. The ability to use the C(sp*)-H 
substrate as the limiting reagent, together with 
the mild reaction conditions, excellent enantio- 
selectivity, and broad substrate scope, provide key 
foundations for the pursuit of other chemo-, regio-, 
and stereoselective C-H oxidation reactions. 
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TEXTILES 


Radiative human body cooling by 
nanoporous polyethylene textile 


Po-Chun Hsu,’ Alex Y. Song,” Peter B. Catrysse,” Chong Liu,’ Yucan Peng,’ Jin Xie,’ 


Shanhui Fan,” Yi Cui??* 


Thermal management through personal heating and cooling is a strategy by which to 
expand indoor temperature setpoint range for large energy saving. We show that nanoporous 
polyethylene (nanoPE) is transparent to mid-infrared human body radiation but opaque to 
visible light because of the pore size distribution (50 to 1000 nanometers). We processed 
the material to develop a textile that promotes effective radiative cooling while still having 
sufficient air permeability, water-wicking rate, and mechanical strength for wearability. 

We developed a device to simulate skin temperature that shows temperatures 2.7° and 
2.0°C lower when covered with nanoPE cloth and with processed nanoPE cloth, respectively, 
than when covered with cotton. Our processed nanoPE is an effective and scalable textile 


for personal thermal management. 


nergy consumption and climate change are 

two major issues for humans in the 21st 

century. The high consumption of energy 

directly leads to excessive greenhouse gas 

emissions, which severely disturbs the cli- 
mate balance and causes global warming and 
extreme weather (J, 2). Consequently, numerous 
efforts are being made to develop renewable 
energy such as solar, wind, ocean, hydrogen, and 
carbon-neutral fuels (3-9). On the other hand, 
reducing current energy consumption and im- 
proving energy efficiency are equally important. 
In fact, improving energy efficiency, through the 
use of energy-efficient appliances or building de- 
signs, is the most cost-effective way to solve the 
energy issue, as compared with other energy 
sources in the United States (10). 

Space heating and cooling are the dominant 
parts of residential and commercial energy con- 
sumption. They contribute to 12.3% of total U.S. 
energy consumption. Reducing the demand for 
indoor temperature regulation will have sub- 
stantial impact on global energy use (11-13). 
Although conventional approaches have been 
focusing on improving building insulation and 
enabling smart temperature control (/4-16), the 
concept of “personal thermal management” is 
emerging as a promising alternative. The objec- 
tive of personal thermal management is to pro- 
vide heating or cooling only to a human body 
and its local environment, without wasting ex- 
cess power on heating and cooling an entire 
building. Because a human body has much smaller 
thermal mass as compared with that of an 
entire building, this approach should result in 
far higher energy efficiency (17). To achieve this 
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objective, it is necessary to have better control 
over the heat dissipation process from the human 
body in an indoor environment. At the normal 
skin temperature of 34°C, the human body emits 
mid-infrared (IR) radiation in the wavelength 
range between 7 and 14 um, with the peak emis- 
sion at 9.5 um wavelength. For a typical indoor 
scenario, IR radiative heat dissipation contrib- 
utes to more than 50% of the total body heat 
loss (18, 19). The objective of personal thermal 
management is to enhance radiative dissipation 
in the summer and suppress it in the winter. 
However, traditional textiles are not designed 
for infrared radiation control. We demonstra- 
ted promising results in achieving passive per- 
sonal heating without energy input during cold 
weather by using a metallic nanowires-coated 
textile that reflects more than 40% of human 
body infrared radiation and warms up the human 
body (20). As for personal cooling in hot weather, 
we need to make textile IR-transparent in order 
to fully dissipate human body radiation (27). Be- 
cause human skin is an excellent IR emitter (emis- 
sivity = 0.98) (22), an IR-transparent textile would 
allow for cooling setpoints to be higher while 
maintaining personal thermal comfort, with a 
1° to 4°C increase in setpoint temperature trans- 
lating to an energy savings of 7 to 45% (23). Un- 
like Peltier cooling or circulated water/air cooling, 
personal radiative cooling is passive and does not 
require integration with electronics and wiring 
(24, 25). The IR-transparent textile should also 
possess wearability properties that are compara- 
ble with traditional human cloth, such as water- 
wicking and air permeability. 

We numerically solved the steady-state heat 
transfer model of clothed human skin to esti- 
mate the impact of IR-transparency of textiles 
on an air conditioner setpoint (Fig. 1A). The 
model assumes constant human skin temper- 
ature and constant metabolic generation rate, 
so that the air conditioner setpoint will change 
according to different heat transfer coefficients 
of the textile. The setpoint rises because of the 


enhanced radiative cooling as the IR transmit- 
tance increases, approaching the limit of the 
bare skin case (26.6°C). Polyolefin films that have 
an IR-transmittance of 95% require a setpoint 
of 25.8°C, whereas IR-opaque materials such as 
cotton textile require a setpoint of 22.6°C, roughly 
3°C lower. 

The challenge for developing a material that 
is transparent to IR but opaque to visible light is 
that the radiation spectrum (7 to 14 um) overlaps 
with most of the IR absorption wavelength of com- 
mon textile materials—for example, C-O stretching 
(7.7 to 10 um), C-N stretching (8.2 to 9.8 um), aro- 
matic C-H bending (7.8 to 14.5 um), S=O stretching 
(9.4: to 9.8 sm), and others (26, 27). As a result, most 
textile materials strongly absorb human body ra- 
diation and have very low IR transparency (fig. 
$1). Polyolefins such as polyethylene (PE) have 
only aliphatic C-C and C-H bonds and conse- 
quently have narrow absorption peaks centered 
at the wavelengths of 3.4, 3.5, 6.8, 7.3, and 13.7 um 
(28), which are all far away from the peak of hu- 
man body radiation. However, one cannot use a 
normal PE film as textile material because it is 
visibly transparent and does not have desired 
properties for textile, such as air permeability 
and water-wicking. 

Here, we propose nanoporous PE (nanoPE) 
to be a good IR-transparent textile for human 
body cooling. NanoPE has interconnected pores 
that are 50 to 1000 nm in diameter (Fig. 1B). The 
pore sizes are in the size range comparable with 
the wavelength of visible light (400 to 700 nm), 
which scatter visible light strongly and make 
PE opaque to human eyes. The pore sizes are 
also much smaller than the IR wavelength, so 
the nanoPE film is still highly transparent to 
IR. The interconnected pores enable air perme- 
ability and can be water-wicking when the PE 
surface is chemically modified to be hydrophilic. 

We modeled the visible and IR transmittance 
of nanoPE film using a rigorous coupled-wave 
analysis (RCWA) (Fig. 1C) (29). The nanoPE shows 
>90% total IR transmittance for wavelengths 
longer than 2 um. The nanoPE has low visible- 
light specular transmittance, which better repre- 
sents visible appearance, owing to strong nanopore 
scattering (Fig. 1C). As we increased the average 
pore size from 200 nm to 4.8 um, the scattering- 
induced transmittance dip moved from visible to 
near-IR and then mid-IR (fig. S2A). All the fea- 
tures, including fibers and pores, are uniformly 
scaled, but the total thickness is fixed. The weighted- 
average IR transmittance based on human body 
radiation starts to decay at a pore size of 1.2 um 
and reaches minimum at 2.4 1m. The transmit- 
tance dip moves to a longer wavelength at 4.8 um, 
away from the human body radiation, which slight- 
ly increases the weighted average transmittance. 
For thicker nanoPE, the number of nanopores 
along the light path increases, so the transmittance 
variation is more profound (fig. S2, B and C). The 
dimensions of fibers also influence scattering prop- 
erty, so we fixed the pore dimensions and investi- 
gated the fiber size effect (fig. S3). The transmittance 
dips occur as well, but the magnitude becomes 
smaller because of lower air-pore filling ratio. We 
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Fig. 1. Optical property and morphology of nanoPE. (A) Simulated air 
conditioner setpoint as the function of IR transmittance of textile at con- 
stant human skin temperature and metabolic generation rate. (B) Sche- 
matics of comparison between nanoPE, normal PE, and cotton. Only nanoPE 
satisfies IR transparency, visible light opacity, and air convection simulta- 
neously. (C) Simulated total and specular transmittance of infrared and 
visible light for nanoPE, with average pore size of 400 nm. The thickness of 
nanoPE is 12 wm. Human body radiation is indicated by the yellow shaded 
region. (D) Simulated weighted average transmittance based on human body 
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radiation for various pore sizes. The average transmittance drops from >90% 
to 80% as the pore size increases and begin to affect the transmission of 
human body radiation. (E) Photo of commercial nanoPE. (F) High-resolution 
SEM images of nanoPE. The nanopores are only 50 to 1000 nm in diameter, 
which is essential to ensure high IR transmittance. (G) Measured total FTIR 
transmittance of nanoPE, normal PE, and cotton. Because of the small pore 
size, nanoPE is as transparent as normal PE. Cotton, on the other hand, is 
completely opaque. (H) Visible opacity measurement quantitatively confirms 
that nanoPE is as opaque as cotton. 


used the simulations as a guide for developing 
appropriate nanostructures for the material. 
Remarkably, nanoPE is commercially available 
and widely used in lithium-ion batteries as a sepa- 
rator to prevent electrical shorting between anodes 
and cathodes. These PE separators (Fig. IE) have 
interconnected nanopores, with ~50% pore volume 
for holding liquid electrolyte (30). The separators 
are white and have a comparable cost of ~$2/m? to 
normal textiles. The commercial nanoPE has pores 
of 50 to 1000 nm in size and some aligned fiber- 
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like structure of a few micrometers wide (Fig. 1F). 
A zoomed-in scanning electron microscope (SEM) 
image (Fig. IF, inset) clearly shows the nanopores 
that satisfy the size requirement of an ideal IR- 
transparent textile and form pathways for fluid 
permeation. We measured the total IR transmit- 
tance with a Fourier transform infrared (FTIR) 
spectrometer equipped with a diffuse gold inte- 
grating sphere (Fig. 1G). The nanopores do not 
affect the total IR transmittance, giving almost 
the same transmittance for nanoPE and normal 


PE. The weighted average transmittances based 
on human body radiation are 96.0% for nanoPE, 
93.8% for normal PE, and only 1.5% for cotton. 
NanoPE and cotton both exhibit white color 
because of visible light scattering (37), whereas 
normal PE is visibly transparent (Fig. 1H, inset). 
Quantitatively, we define opacity as (1 - specular 
transmittance), representing the ability to prevent 
objects behind the textile to be recognized. We 
used an ultraviolet-visible (UV-Vis) spectrometer 
and found that both nanoPE and cotton have 
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Fig. 2. Thermal measurement of nanoPE and various textile samples. (A) Experimental setup of 
textile thermal measurement. The heating element that generates constant heating power is used to 
simulate human skin, and the “skin temperature” is measured with the thermocouple. Lower skin 
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opacity higher than 99% for the entire visible 
spectrum, whereas normal PE has only 20% opac- 
ity (Fig. 1H). 

We experimentally demonstrated the cooling 
effect of nanoPE with a device that simulated the 
heat output of skin (Fig. 2A). NanoPE increases 
the simulated skin temperature by 0.8°C, com- 
pared with 3.5°C for cotton and 2.9°C for the 
fibrous PE textile Tyvek that DuPont manufac- 
tures (Fig. 2B). Because the difference between 
skin and ambient temperature (23.5°C) is small, 
this skin temperature difference can be approxi- 
mated as the air conditioner setpoint difference. 
We used an H-shaped piece of metal to show the 
textile IR transmittance by use of thermal imaging 
(Fig. 2C). Whereas bare skin and nanoPE clearly 
show the H-pattern, cotton and Tyvek do not show 
the metallic pattern. Cotton and Tyvek also ap- 
pear colder because IR radiation is blocked from 
transmission. Such difference in IR transmittance 
is because Tyvek has fiber and pore sizes that are 
tens of micrometers (fig. S4, A and B), which re- 
sults in stronger scattering and makes it appeal- 
ing for applications other than personal thermal 
management. At the same thickness, nanoPE is 
more [R-transparent than Tyvek by 9 to 14% (fig. S4C). 

Besides high IR-transparency and high con- 
vective heat dissipation—which ensure superior 
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Fig. 3. The treatment of nanoPE for various wearability testing. (A) Schematic of the fabrication process of PDA-nanoPE-mesh. In all the textile tests, PDA- 
nanoPE-mesh shows performance comparable with that of cotton. (B) Water vapor transmission rate test shows how human perspiration can transmit through the 
textile. (C) Air permeability test examines the air flow rate through the textile at certain pressure drops. (D) Wicking distance shows the ability to transport perspiration 
for quick evaporation. (E) Tensile strength test demonstrates that PDA-nanoPE-mesh has the same ultimate tensile strength as that of cotton. 
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Fig. 4. Properties of PDA-nanoPE-mesh. (A) Photo of PDA-nanoPE-mesh. The spots that are 1 mm in 
diameter are the welding points. The microholes for improving air permeability are barely noticeable. 
(B) Total IR transmittance. (C) Visible opacity. (D) Thermal measurement. 


air permeability are important for a textile to be 
wearable. We altered nanoPE with a number of 
processes in order to make it a suitable human 
cloth (Fig. 3A). We created 100-um holes spaced 
500 um apart with commonly used microneedle 
punching (32). We coated the punched nanoPE 
with the benign hydrophilic agent polydopamine 
(PDA) (33-35) so as to enhance fluid wicking. We 
then sandwiched cotton mesh between two layers 
of PDA-nanoPE and bonded it with point welding 
in order to reinforce the mechanical strength. 
We performed several tests for common textile 
properties on PDA-nanoPE-mesh, PDA-nanoPE, 
nanoPE, Tyvek, cotton, and normal PE. All nanoPE 
samples (punched or not) have high water vapor 
transmission rate (WVTR) (~0.016 g/cm? hour), 
which is a proxy for transmitting water vapor 
from perspiration through natural diffusion and 
convection (Fig. 3B). This shows that the nano- 
pores themselves are permeable enough for water 
vapor under the natural convection situation. 
Cotton and Tyvek have slightly lower WVTR 
(~0.014 g/cm? hour), and normal PE is completely 
nonpermeable. Air permeability is defined as the 
transmitted flow rate of air as a function of the 
applied pressure and represents the ability of 
the textile to let wind blow in and then carry the 
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body heat away. Because of the microholes that 
resemble the spacing between the yarns in woven 
cotton textile, the air permeability of PDA-nanoPE- 
mesh, PDA-nanoPE, and cotton are similar, in 
the range of 40 to 60 cm?/s cm? Pa (Fig. 3C). In 
contrast, Tyvek, nanoPE, and normal PE show 
inadequate air permeability (Fig. 3C). Because 
the microhole size is as small as human hair 
(100 um), the visual opaqueness is not affected. 
Wicking rate shows how efficiently liquid water 
transports in the textile. Higher wicking rate 
means that perspiration can spread and evapo- 
rate quickly. Cotton is well known to have a high 
wicking rate due to the hydrophilic cellulose fi- 
bers, with a wicking distance of 9.7 mm (Fig. 3D). 
PDA-nanoPE-mesh has a comparable wicking dis- 
tance of 8.3 mm because of the PDA coating and 
capillary effect from the dual-layer structure. PDA- 
nanoPE is hydrophilic, but the lack of horizontal 
spacing limits the capillary effect. Tyvek, nanoPE, 
and normal PE are hydrophobic and therefore do 
not have any wicking length. We measured the 
mechanical strength of a strip of 2-cm-wide PDA- 
nanoPE-mesh, which can endure 45 N of tensile 
force (Fig. 3E). The strength is comparable with 
cotton and is due to the cotton mesh integrated 
into our fabric. 


By carefully choosing the PDA thickness, micro- 
hole size, and mesh-filling ratio, PDA-nanoPE- 
mesh can retain good optical and thermal property 
(Fig. 4). The weighted average IR transmittance 
is 77.8%, and the opacity remains >99%. The skin 
temperature increases by 0.7°C compared with 
wearing pristine nanoPE and is 2.0°C lower than 
when wearing cotton textile. We demonstrated 
nanoPE as a favorable material to realize IR- 
transparent human cloth for personal thermal 
management. It will be worthwhile to explore 
the potential wearability modification methods 
on the basis of nanoPE. Coloration, for example, 
can be done by mixing with masterbatches or 
flexography printing. The pigments need to have a 
low absorption coefficient in the wavelength range 
of 7 to 14 um and be benign to the human body. 
Common pigments such as Prussian blue, ferric 
oxide, and ferrous oxide are all possible choices. 
PE and PDA coating are stable (36, 37), but 
further study such as performance evolution 
with perspiration, wash cycles, abrasion cycles, 
or ultraviolet irradiance will be meaningful for 
practical use. 
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ASYMMETRIC CATALYSIS 


Ligand-accelerated enantioselective 
methylene C(sp*)-H bond activation 


Gang Chen,'* Wei Gong,'* Zhe Zhuang,’ Michal S. Andra,’ Yan-Qiao Chen,’ Xin Hong,” 
Yun-Fang Yang,” Tao Liu,’ K. N. Houk,”+ Jin-Quan Yu'+ 


Effective differentiation of prochiral carbon—hydrogen (C—H) bonds on a single methylene 
carbon via asymmetric metal insertion remains a challenge. Here, we report the discovery of 
chiral acetyl-protected aminoethyl quinoline ligands that enable asymmetric palladium 
insertion into prochiral C-H bonds on a single methylene carbon center. We apply these 
palladium complexes to catalytic enantioselective functionalization of B-methylene C—H bonds 
in aliphatic amides. Using bidentate ligands to accelerate C—H activation of otherwise 
unreactive monodentate substrates is crucial for outcompeting the background reaction driven 
by substrate-directed cyclopalladation, thereby avoiding erosion of enantioselectivity. The 
potential of ligand acceleration in C—H activation is also demonstrated by enantioselective 
B-C-H arylation of simple carboxylic acids without installing directing groups. 


nantioselective functionalization of pro- 

chiral C-H bonds can potentially lead to 

a broad range of efficient routes to chiral 

compounds. Despite extensive efforts, the 

scope and efficiency of enantioselective 
C(sp*)-H activation reactions are far from ade- 
quate for broad applications in asymmetric syn- 
thesis (J, 2). Enantioselective carbene and nitrene 
insertions into C(sp?)-H bonds have been dem- 
onstrated in both diastereoselective and enantio- 
selective fashion (3-7). However, asymmetric 
C(sp*)-H activation reactions via metal insertion 
are limited to the desymmetrization of two prochiral 
carbon centers (8-15) (Fig. 1A). For example, de- 
symmetrizations of relatively reactive cyclopropyl 
and cyclobutyl C-H bonds have been achieved with 
Pd(ID catalysts and chiral monoprotected amino 
acid (MPAA) ligands (8-17). Desymmetrization 
of two carbon centers has also been achieved 
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through a Pd(0)-catalyzed intramolecular C-H 
arylation, as demonstrated in a series of pioneering 
studies (12-15). Thus far, development of an ef- 
ficient chiral metal catalyst that can differentiate 
prochiral C-H bonds residing on a single methylene 
carbon center via metal insertion remains a chal- 
lenge. In terms of synthetic disconnection, such a 
process is also distinct from the desymmetriza- 
tion, as the newly created chiral center of amide 
substrates resides at the B-methylene carbon in- 
stead of the a-carbon center. Recently, a transient 
chiral directing group has also been shown to 
perform enantioselective C-H arylation of benzylic 
C-H bonds (6). However, the transient amino acid 
directing group does not promote alkyl methylene 
C-H activation. Furthermore, the transient di- 
recting group is also incompatible with sub- 
strates derived from carboxylic acids. 

The use of a bidentate 8-aminoquinoline di- 
recting group and a chiral phosphoric amide lig- 
and has afforded moderate enantiomeric ratios 
(er), ranging from 74:26 to 91:9 with benzyl C-H 
bonds, though this method is much less suc- 
cessful with alkyl C-H bonds (63:37 er) (17). In 
general, such strongly coordinating directing 
groups promote ligandless C-H activation re- 
actions, which could be detrimental for asymmetric 


catalysis, as these background reactions erode 
enantioselectivity. Bidentate coordination from 
substrates also prevents the exploitation of a wide 
range of potentially powerful chiral bidentate lig- 
ands in palladium catalysis due to a lack of vacant 
coordination sites. Practically, the requirement for 
bidentate coordination from substrates precludes 
the use of a variety of simple monodentate directing 
groups and native functional groups to direct 
C-H activation, an important goal of the field. 

Despite the aforementioned challenges, enantio- 
selective B-C-H functionalization has long been 
the focus of our research efforts due to the im- 
portance of constructing f-chiral centers in 
asymmetric synthesis. Current retrosynthetic dis- 
connections for the asymmetric synthesis of 
B-functionalized chiral carboxylic acids or amides 
extensively use conjugate addition reactions of the 
corresponding olefins. Rh(1)-catalyzed asymmetric 
conjugate addition of o,f-unsaturated ketones 
with aryl boronic acids has afforded a useful 
method for the preparation of chiral B-arylated 
compounds (J8, 19). However, when a given sub- 
strate or synthetic intermediate contains a sat- 
urated aliphatic acid chain without double bonds, 
direct enantioselective arylation of the methylene 
C-H bonds at the B position of amides through 
palladium insertion provides a solution (Fig. 1B). 
In our early efforts, we adopted a chiral auxiliary 
approach to gain insight into stereoselective pal- 
ladium insertion into B-C (sp*)-H bonds (20). How- 
ever, development of an enantioselective version 
of these diastereoselective -C-H iodination and 
acetoxylation reactions has not been successful, 
owing to the lack of an appropriate ligand that 
can match the strongly coordinating oxazoline 
directing group (27). Employing a weakly coordi- 
nating amide directing group in combination with 
chiral MPAA ligands has led to desymmetrization 
of methyl, cyclopropyl, and cyclobutyl C-H bonds 
(Fig. 1A) at two different carbon centers (9, 10). 
Unfortunately, MPAA ligands have proven in- 
effective in promoting palladium insertion into 
acyclic methylene C-H bonds. 

Here we report the discovery of chiral acetyl- 
protected aminoethyl quinoline (APAQ) ligands 
that enable Pd(II)-catalyzed enantioselective aryla- 
tion of B-methylene C-H bonds of aliphatic amides, 
with enantiomeric ratios reaching up to 96:4 and 
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Fig. 1. Enantioselective meth- A 
ylene C-H activation reac- 
tions. (A) Enantioselective C—H 


activation via desymmetrization ; DG R DG R i H ere, : 
of two carbon centers. (B) Two : HH [Pd(Il)] — ' - [Pd(0)] Coy i 
synthetic disconnections. See Chiral ligand See: N 1 Chiral ligand N H 
(C) Differentiating prochiral C-H ; X = aryl, alkyl ‘ X PGH X = Br, |, OTf PG : 
bond on a single methylene ' Ref 8-11 ' Ref 12-15 ! 
carbon center. DG, directing : : ' 
group; PG, protecting group; OTf, Cokes eee eee re pe eae ee ee ee ee eee kage eae hen eee hehe, ee oe eye eee H 
trifluoromethanesulfonate; Ar, 
aryl group; Ac, acetyl group; Et, B 
ethyl group; Bu, butyl group; R, ie) Conjugate addition Ar O B-C-H activation HH 9 
alkyl or aryl group. pw, pow ay 
Rh(1)/ArB(OH)» Pd(Il)/Arl 
Cc 
1 2 1 
papi Arl, cat. Pd(OAc)2 . 4 Wes 
' R' NHAre ————______ pI NHAr- tBu ; 
' Ligand AcHN tS ' 
R": alkyl, aryl up to 89% yield R2:HorEt -Bu 
Arg = 4-(CF3)CeFa Up ieee Ligand: APAQ 


A Ligand optimization 
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HH @ p-Totl (3 equiv.) 


Me~ ~~ ~NHAre 


HFIP, 80 °C, 36 h 


ts eS 
NZ NZ 
AcHN 


AcHN 
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Arg = 4-(CF3)CgF4 
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L9, 46% yield 


L34, 86% yield, 90:10 er 
Et L35, 82% yield, 92.5:7.5 er 
n-Pr L36, 71% yield, 90.5:9.5 er 
Pr L37, 48% yield, 78:22 er 
L38, 69% yield, 84:16 er 
Bn L39, 75% yield, 88:12 er 


Ag2CO3 (2 equiv.) Me 


L40, 13% yield, 31:69 er 


Me 
1°) 


NHAre 
2a 
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| sa 
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AcHN~ “Ph 


L17, 76% yield, 29:71 er 


tBu 
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L41, 15% yield, 68:32 er 
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AAG = 0.0 kcal/mol 
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Fig. 2. Ligand optimization for enantioselective methylene C-H arylation. (A) Yields were determined by 1H nuclear magnetic resonance analysis of the 
crude product, using CH2Brs as an internal standard. Enantiomeric ratios were determined by chiral high-performance liquid chromatography. The absolute 
configuration of L35 was determined by x-ray crystallography (fig. S4). p-Tol-l, para-tolyl iodide; equiv., equivalent; HFIP, hexafluoro-2-propanol; Me, methyl group; 
Ph, phenyl group; Pr, propyl group; Bn, benzy! group; N.R., no reaction. The asterisk indicates the presence of a chiral center at the atom. (B) DFT-optimized 
structures and relative free energies of the two enantiomeric C-H metalation-deprotonation transition states. 


yields as high as 89% (Fig. 1C). These APAQ ligands 
containing quinoline and acetyl-protected amino 
coordinating moieties form six-membered bis- 
chelating rings with palladium, which drastically 
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accelerates methylene C-H activation, thereby con- 
trolling the stereoselectivity. In contrast, the acetyl- 
protected aminomethyl quinoline coordinating 
with Pd(I) via five-membered bis-chelation is 


completely inactive in this reaction. Concep- 
tually, the combination of weakly coordinating 
monodentate substrates and ligand acceleration 
opens the possibility for using a variety of simple 
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Fig. 3. Scope of aryl iodides in enantioselective methylene C-H arylation. Data are reported as 
isolated yield of purified compound. The absolute configurations of 2a, 2e, and 2k were determined 


by x-ray crystallography (figs. S5 to S7). 


coordinating groups, including native functional 
groups, to direct enantioselective C-H activation, 
as demonstrated with free carboxylic acid substrates. 

Guided by our overarching goal of developing 
ligand-accelerated enantioselective C-H activation 
of weakly coordinating substrates, we set out to 
use the electron-deficient amide substrate 1 and 
evaluate the effects of chiral ligands on the ex- 
tensively studied C-H arylation reaction (22-24). 
Following our previous finding that quinoline and 
pyridine ligands can accelerate C(sp*)-H activation 
(25, 26), we prepared a number of corresponding 
chiral ligands (including L4& and L5) and exam- 
ined their activity under standard reaction con- 
ditions (table S1). Unfortunately, these monodentate 
chiral ligands do not exert substantial influence 
on the stereochemistry of the palladium insertion 
step. Considering the effectiveness of bidentate 
MPAA ligands in controlling the stereochemistry 
of Pd-catalyzed desymmetrization of prochiral 
cyclopropyl and cyclobutyl C-H bonds on two 
carbon centers, we began to develop bidentate 
ligands incorporating structural motifs from both 
quinoline and MPAA ligands. The crucial role of 
the NHAc (Ac, acetyl) moiety of MPAA ligands in 
the C-H cleavage step, identified by experimental 
(8, 27) and computational studies (28, 29), promp- 
ted us to develop acetyl-protected aminomethyl 
quinoline ligands that incorporate this coordinat- 
ing moiety. Disappointingly, such ligands (L6 
to L8) resulted in a complete loss of reactivity 
(Fig. 2A and table S1). We reasoned that the five- 
membered bidentate chelation with Pd(II) could 
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result in the formation of a stable but inactive 
palladium complex tetra-coordinated with two 
ligands. As such, we prepared APAQ and amino- 
propyl quinoline ligands (L9 and L10) that would 
coordinate with PddI) via six- and seven-membered 
chelate structures, respectively, both of which 
should have markedly reduced binding constants 
compared to the corresponding five-membered 
chelate (L6). Such subtle modification restored the 
reactivity with L9 and L10, thus offering a bi- 
dentate ligand scaffold for further development. 

Although aminopropyl quinoline L10 is more 
reactive than aminoethyl quinoline L9, we chose 
to focus on the latter scaffold because of its 
synthetic accessibility. We used Ellman’s highly 
efficient asymmetric imine addition reaction (30) 
to prepare a series of chiral APAQ ligands from 
2-methylquinoline and optically pure sulfinyl 
imines . We initially found that ligand L11 (table 
$1), containing an o-methyl group at the chiral 
center, enhanced the reactivity considerably (75% 
yield), albeit with poor enantioselectivity (47:53 er). 
The o-methyl group was then replaced with var- 
ious alkyl groups: Only the sterically bulky iso- 
propyl group was found to produce a substantially 
improved enantiomeric ratio (27:73), but it also 
led to diminished yield (L16, table S1). Although 
further tuning of the alkyl substitution proved 
less promising, the result obtained with the 
o-phenyl substitution in L17 provided us with 
an encouraging lead for ligand optimization (76% 
yield, 29:71 er). With L17 in hand, we examined 
the effect of the protecting groups on the amino 


group (table S2). Replacing the acetyl-protecting 
group by more sterically hindered analogous 
motifs decreased the yields considerably. Other 
types of protecting groups, such as carbamates 
and sulfonyls, proved completely inactive. We 
thus prepared a number of APAQ ligands [L18 
to L33 (table S1)] with a range of steric and elec- 
tronic variation on the o-phenyl ring. We found 
that the steric effect is predominant, as indicated 
by the markedly improved yield and enantio- 
selectivity obtained with ligand L32 bearing 
the sterically hindered 3,5-di-tert-butylphenyl group 
(85% yield, 19:81 er). At this point of optimization, 
we introduced a second chiral center at the benzylic 
position, hoping to further improve the enantio- 
selectivity. Attributing the origin of the stereo- 
selectivity to differentially hindered faces on the 
square planar palladium complex (8-17), we fo- 
cused on the variations of syn-APAQ ligands in 
which both substituents would point up- or down- 
ward upon chelating with Pd(II). The introduc- 
tion of a methyl group at the benzylic position 
(L34) afforded a substantial improvement in 
enantioselectivity (90:10 er) while maintaining 
the high yield. A slightly more bulky ethyl group 
(L35) further improved the enantioselectivity to 
92.5:7.5 er. Further increasing steric hindrance at 
the benzylic position decreased both yield and 
enantioselectivity (L36 to L39). To obtain in- 
sight into the stereochemical model of this enantio- 
selective palladium-insertion process, we also 
tested the anti-APAQ ligands (L40 and L411). 
Although both yield and enantioselectivity dropped 
considerably with these two anti-ligands, the 
reversal of chiral induction by altering the ab- 
solute configuration at the o position suggests that 
the chiral center adjacent to the amino group 
dictates enantioselection (table S3). 

Building on results from previous computa- 
tional studies (28, 29), we explored the enantio- 
selectivity in the C-H metalation-deprotonation 
step with density functional theory (DFT), using 
ligand L34 and substrate 1. The optimized struc- 
tures and relative free energies of the most fa- 
vorable transition states for the two enantiomers 
are shown in Fig. 2B. In both transition states, 
the palladium(II) center is coordinated with the 
quinoline nitrogen and the amide nitrogen of 
the deprotonated APAQ ligand, as well as one 
nitrogen from the amide substrate formed by 
deprotonation. The oxygen of the amide of the 
APAQ ligand acts as an intramolecular base to 
deprotonate the methylene C-H and facilitate 
the Pd-C bond formation. TS_R is more fa- 
vorable than TS_S by 1.2 kcal/mol, in excellent 
agreement with the experimental selectivity 
(90:10 er). The distinct six-membered bis-chelate 
design and the bulky o-aryl substituent orient the 
amide in such a way that the B-C-H bond is ac- 
tivated. The terminal methyl group of the substrate 
is oriented differently in the R and S transition 
states, with more severe substrate distortion in 
TS_S, where the methyl group of the substrate 
methylene is on the same face as the bulky o-aryl 
substituent of the ligand and the peri-hydrogen 
of the quinoline. This discrepancy underlies the 
enantioselectivity (see supplementary materials). 
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cyclohexyl 4f, 56% yield, 93.5:6.5 er 
Me Ar O OG Sil Ar O Ar O 
Me’ NHAre NHAre NHAre A NHAre 
4g, 71% yield 4h,72% yield 4i, 74% yield 4j, 81% yield 
95:5 er 94:6 er 95:5 er 95:5 er 
Ar O 
ie) Ar O TsN Ar O {e) Ar O 
A.A NHAre 
Ph NHAre NHAre TsN NHAre 
4p, 35% yield 4q, 68% yield 4r, 37% yield 4s, 57% yield 
94:6 er 95:5 er 96:4 er 93:7 er 
Ar O 
i Ar, COOH 
eas NHAre “S « «COOH Ate 9 path 
fA NPhth LI 
R=H 4t*, 85% yield, 87:13 er . 7" 
j % vi ; vi 
4-CO,Me 4u*, 87% yield, 92.5:7.5 er 4w', 56% yield 4x38, 42% yield 
3-Me 4v*, 85% yield, 90:10 er eee 020 


Fig. 4. Scope of amides and acids in enantioselective methylene C—H arylation. Data are reported 
as isolated yield of purified compound. Asterisks in the structures indicate the presence of a chiral center 
at the atom. The * symbol following a compound number indicates 1.5 equiv. of Ago2CO3, 2.5 equiv. aryl 
iodide, and 12 mole % (mol %) L32. The absolute configuration of 4u was determined by x-ray crystal- 
lography (fig. S8). The t symbol indicates 1.0 equiv. K2HPO, as additive, 20 mol % L16, and 100°C. The 
+ symbol indicates 1.0 equiv. Na2HPO,:7H20 as additive, 2.0 equiv. AgOAc, 2.0 equiv. aryl iodide, and 12 mol % 
L32. The § symbol indicates that yields and er values were determined from corresponding methyl esters (see 
supplementary materials for experimental details). Phth, phthalimido group; Ts, tosyl group. 


With the optimal ligand L35 in hand, we 
further optimized the reaction conditions for the 
arylation of 1 and improved the enantioselectivity 
to 95:5 er (table S4, entry 21). We next surveyed 
the scope of aryl iodides for this enantioselective 
B-C-H arylation (Fig. 3). Arylation of 1 with sim- 
ple iodobenzene afforded the desired product in 
89% yield and 95:5 er (2b). A wide range of para- 
substituted aryl iodides was employed as coupling 
partners. Electron-donating groups afforded excel- 
lent enantioselectivity and good yields (2a, 2e, 
and 2d). Electron-deficient aryl iodides bearing 
trifluoromethoxy, fluoro, chloro, bromo, ketone, 
and ester substituents were also compatible, pro- 
viding consistently high enantioselectivity (2e to 
2h, 2j, 2k), although the yield dropped to 45% 
with trifluoromethyl substitution (2i). Similar 
results were obtained with metasubstituted aryl 
iodides (21 to 2p). Although slightly lower enantio- 
selectivity was obtained with ortho-methoxylphenyl 
iodide (2q), the ortho-ester group was well tol- 
erated (2r). An aryl iodide containing phospho- 
nate moiety also afforded synthetically useful yield 
and enantioselectivity (2s). Disubstituted aryl 
iodides also proved to be suitable coupling partners 
(2t to 2v). 
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This protocol for enantioselective arylation 
of methylene C-H bonds is also applicable to other 
aliphatic amides (Fig. 4). Aliphatic amides with 
various chain lengths were well tolerated, providing 
products 4.a to 4d with excellent enantioselectivity 
and in high yields. The direct enantioselective 
B-C-H arylation of amides derived from naturally 
occurring caprylic acid and myristic acid demon- 
strates the utility of this method when a double 
bond is not available for conjugate addition (4c 
and 4d). Substrates containing sterically hindered 
alkyl groups at the B position (cyclopentyl, clyclo- 
hexyl) provided good enantioselectivity but lower 
yields (4e and 4f). Isopropyl, cyclopentyl, cyclo- 
hexyl, and cyclohexylmethyl moieties at the y po- 
sitions were well tolerated, affording satisfactory 
yields and enantioselectivity (4g to 4j). Phenyl, 
ester, amino, ether, and ketone functionalities at 
the 6 and ¢€ positions consistently afforded high 
enantioselectivity (4k to 4p). However, lower 
yields were obtained with the ether and ketone 
substrates (40 and 4p). Piperidine at the y position 
afforded good yield and high enantioselectivity 
(4q), whereas the presence of piperidine at the 
B position gave lower yield (41). The presence of 
a tetrahydropyran motif at the y position was 


also well tolerated, affording synthetically useful 
yield and enantioselectivity (4s). The enolate of 
the corresponding ester of product 4s reacted 
with di-tert-butyl azodicarboxylate to give the 
chiral o-amino ester in >20:1 diastereoselectivity, 
providing a route for the preparation of complex 
chiral amino acids (see supplementary materials). 
Arylation of benzylic C-H with 3t using ligand 
L35 provided poor yield and enantioselectivity 
(38% yield, 68:32 er). Switching to ligand L32 
resulted in a marked improvement in both yield 
and enantioselectivity (4t). 8-phenyl groups con- 
taining both electron-withdrawing and -donating 
groups were also compatible with this reaction 
(4u and 4v). To demonstrate the advantage of 
using weakly coordinating monodentate sub- 
strates and chiral bidentate ligands, we applied 
the enantioselective 8-C-H arylation protocol to 
two free carboxylic acids to provide 4;w and 4x as 
cis-diastereomers exclusively. These products are 
not accessible by asymmetric conjugate addition. 

In summary, a chiral bidentate APAQ ligand 
scaffold was found to enable Pd-catalyzed enantio- 
selective arylation of prochiral B-C-H bonds on a 
single methylene carbon center. The feasibility of 
asymmetric palladium insertion into ubiquitous 
methylene C-H bonds with monodentate sub- 
strates opens a new avenue for developing a wide 
range of synthetically useful enantioselective 
C-H activation reactions. 
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Plant development regulated by 


cytokinin sinks 


Evelyne Ziircher,’* Jingchun Liu,’* Martin di Donato,” Markus Geisler,” Bruno Miiller"{ 


Morphogenetic signals control the patterning of multicellular organisms. Cytokinins are 
mobile signals that are perceived by subsets of plant cells. We found that the responses to 
cytokinin signaling during Arabidopsis development are constrained by the transporter 
PURINE PERMEASE 14 (PUP14). In our experiments, the expression of PUP14 was inversely 
correlated to the cytokinin signaling readout. Loss of PUP14 function allowed ectopic 
cytokinin signaling accompanied by aberrant morphogenesis in embryos, roots, and the 
shoot apical meristem. PUP14 protein localized to the plasma membrane and imported 
bioactive cytokinins, thus depleting apoplastic cytokinin pools and inhibiting perception by 
plasma membrane-localized cytokinin sensors to create a sink for active ligands. We 
propose that the spatiotemporal cytokinin sink patterns established by PUP14 determine 
the cytokinin signaling landscape that shapes the morphogenesis of land plants. 


ulticellular organisms depend on differ- 

ential cell functions controlled by signaling 

systems. The precise determination of 

signal-perceiving cells is important to 

ensure normal development. Cytokinins 
are chemical plant signals that control morpho- 
genesis, integrate environmental cues, and mediate 
biotic interactions (7-3). Cytokinins are perceived 
by largely redundantly acting hybrid kinases that 
activate a phosphorelay circuitry to stimulate the 
transcription of target genes. The spatiotemporal 
precision of the signaling patterns in different plant 
organs (4, 5) raises the question of how control 
is established. 

Each step involved in eliciting a signaling re- 
sponse, including ligand biosynthesis and expression 
of signaling components, could be differentially 
regulated and contribute to defining the signaling 
patterns to a greater or lesser degree. To identify 
limiting and regulated steps, we used Arabidop- 
sis heart-stage embryos as a model in which the 
cytokinin response marks the provascular tis- 
sue (Fig. 1A). First, to evaluate whether bioactive 
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cytokinins are limited, we incubated embryos 
for 16 hours with the degradation-insensitive 
cytokinin benzyladenine (BA) (6). This caused a 
stereotypic expansion of the synthetic cyto- 
kinin reporter TCSn::GFP (Two Component sig- 
naling Sensor new::green fluorescent protein) (5) 
(Fig. 1A), thereby confirming that cytokinin lev- 
els are controlled (7). However, excess cytokinins 
did not induce 7CSn::GFP expression in the pros- 
pective cotyledons, despite the transcription of 
the cognate cytokinin receptor ARABIDOPSIS 
HISTIDINE KINASE 4 (AHK4) in these domains 
(Fig. 1A); this finding suggests that failure to turn 
on signaling cannot be explained by missing re- 
ceptors. To test whether signaling downstream 
of receptors is functional, we expressed CYTO- 
KININ INDEPENDENT I (CKI1). CKII encodes 
a hybrid kinase with cytokinin-independent con- 
stitutive activity (3). Its short-term expression 
caused ubiquitous TCSn::GFP activation (Fig. 1A). 
Together, these results suggest that cells of the 
prospective cotyledons fail to activate cytokinin 
signaling despite a functional signaling system, 
and even upon addition of abundant active ligand. 

We hypothesized that productive ligand-receptor 
interactions within organs could depend on cyto- 
kinin transporters that guide differential cellular 
localization of cytokinins. To test whether mem- 
bers of the Arabidopsis PURINE PERMEASE 


(PUP) family of transmembrane proteins impli- 
cated in cytokinin translocation (8) control the 
spatiotemporal landscape of cytokinin signaling, 
we first established a transcription profile of all 
family members, based on our own analysis and 
published transcriptome data (9-1D (fig. S1). PUPI4 
expression was unique in that it prevailed in all 
organs and stages analyzed, including embryos. To 
determine the PUPI4 expression pattern, we ana- 
lyzed PUPI4::PUPI4-GFP transgenic plants. In heart- 
stage embryos, PUP14-GFP localized to cells that 
failed to respond to cytokinins, including cells of 
the prospective cotyledons (Fig. 1B). We confirmed 
this pattern by mRNA in situ hybridization with a 
PUPI4 antisense probe (Fig. 1B and fig. S2A). The 
exclusive nature of PUPI4 expression and the cyto- 
kinin signaling pattern are compatible with an inhi- 
bitory function of PUP14 in the cytokinin response. 

To eliminate PUP/4 function during defined 
time windows, thereby avoiding secondary effects 
and potential lethality issues, we constructed an 
ethanol-inducible artificial microRNA (amiR) (12) 
targeting PUPI4 (35S>ALC>amiRPUPI4). Upon 
induction of the amiRPUPI4 transgene, PUPI4 
mRNA and PUP14-GFP levels were reduced within 
24 hours (Fig. ID and fig. $2, B and C). Inducing 
amiRPUPI4 expression for 16 hours caused wide- 
spread ectopic cytokinin signaling in the embryo 
(Fig. 1B), even in cells of the prospective cotyledons 
that are nonresponsive to treatments with exoge- 
nous cytokinins (Fig. 1A); this result supports a role 
of PUP14 in confining the cytokinin response. The 
same treatment regime did not affect the auxin 
response (fig. S2D), indicating that PUP14: acts 
specifically on cytokinin signaling. After 2 days of 
amiRPUPI4 induction, morphological defects 
in the prospective cotyledons and the nascent 
root meristem became apparent (Fig. 1C), con- 
sistent with the ectopic cytokinin responses in 
these domains. The amiRPUP14-induced pheno- 
types were complemented by an amiRPUPI4- 
resistant transgene (PUP14*) encompassing the 
PUP!I4 locus (fig. S2, Eto G), which suggests that 
the inducible amiRPUPI4 acts specifically. In ad- 
dition, an inducible amiR against nonexpressed 
PUP19 and PUP20 (fig. S1) did not cause obvious 
phenotypes (fig. S2, E to G). Finally, a T-DNA in- 
sertion to the PUPI4 promoter causing a reduction 
in PUP]4 mRNA levels showed qualitatively sim- 
ilar but weaker phenotypes in embryos, seedlings, 
and adult shoots relative to amiRPUPI4-induced 
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phenotypes (Fig. 1C and fig. $3, A to F), whereas a 
second T-DNA insertion downstream of the PUPI4 
locus did not affect PUPI4 mRNA levels (fig. S3B) 
and produced no apparent phenotypes. Together, 


these results validate the use of the amiRPUPI4 
line to study PUPI4 function. 

Because loss of PUPI4 produces ectopic cyto- 
kinin responses, we expected the overexpression 


of PUPI4 to reduce cytokinin output. Although 
we were unable to recover plants transgenic for 
35S::PUPI4, inducible PUPI4 expression in the 
embryo reduced the endogenous cytokinin response 


A 


TCSn::GFP 


PUP14::PUP14-GFP PUP14 as amiRPUP14, 16h PUP14o0x, 16h 


TCSn::GFP 


we 7: 


Ctrl pup14-1 amiRPUP14, 48h PUP14ox, 48h 


Fig. 1. PUP14 function in embryo and seedlings. (A) Heart-stage embryos 
subjected to 16 hours of mock treatment, 16 hours of treatment with 10 uM BA, 
16 hours of hybridization with AHK4 antisense (as) RNA, and 16 hours of CKi/1 
expression from a 35S>ALC>CKI1 transgene (5) (CK/ox). GFP reporter transgenes 
are indicated. (B) Left panels: PUP14 expression detected by reporter gene and by 
PUPI14 as RNA probe. Right panels: amiRPUP14 and PUP14 35S>ALC>PUPI14 
transgene (PUP140x) inductions. Ectopic TCSn::GFP in 85% of embryos, n = 53; 
loss of TCSn::GFP in 45% of embryos, n = 11. (C) Morphological defects 48 hours 
after transgene inductions and in pup14-1. For amiRPUPI4, 47%, n = 96; for pup14- 
1,37%,n = 237; for PUPI4 overexpression from PUPI40x, 50%, n = 10. Arrowheads 


Fig. 2. PUP14 confines the cytokinin response 
in the SAM. (A) Floral SAM. Longitudinal optical 
sections (lower panels) are in cyan-colored brackets; 
dotted lines mark organ boundaries. Transgenes are 
indicated. Arrows indicate peak PUP14-GFP levels at 
organ-organ boundaries. Arrowheads indicate ectopic 
TCSn::GFP after amiRPUPI4 induction. (B and C) 
Comparisons of ethanol-treated Col0 and amiRPUPI14 
phenotypes. (B) Inflorescences and inflorescence 
stems. Red dots denote flower primordia; arrowheads 
indicate perturbations. (C) Numbers of flower primor- 
dia at stages 6 to 12 on the main apex (30), n = 6; 
numbers of primary rosette (RI) and primary cauline 
branching (Cl), n = 6. Data are means + SD. **P < 
0.01 (unpaired t test). Scale bars, 20 um (A), 1 mm 
[flower primordia in (B)], 1 cm [stems in (B)]. 
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point to affected cotyledons, arrow indicates shortened embryo root, and cell boun- 
daries in root meristem are outlined with white dotted lines. (D) Relative changes of 
type-A ARR5, ARR6, and ARR7 and TCSn::GFP [as a group, significantly different: P 
< 0.001 (unpaired t test); TCSn::;GFP_n = 4; TCSn::GFP, amiRPUPI4, n = 4] and 
PUP14 mRNA levels [significantly different: P < 0.001 (unpaired t test); TCSn::GFP. 
n=4; TCSn::GFP, amiRPUP14, n = 7] after 16 hours of amiRPUP14 induction in 
7-day-old seedlings of indicated genotype, assessed by quantitative real-time poly- 
merase chain reaction; error bars represent SEM. (E) amiRPUPI4 and Col0 seedlings 
after 7 days on ethanol-containing medium; growth retardation of seedling roots, 
n=10. Scale bars, 20 um [(A) and (B)], 1 cm (E). ***P < 0.001 (unpaired t test). 
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after 16 hours (Fig. 1B); after 48 hours of transgene 
induction, morphological defects in the embryo 
root were apparent (Fig. 1C). Similar to the em- 
bryo, we found PUP/4 expression in the meriste- 
matic region of the seedling’s main root (fig. S4A), 
in the lateral root primordia (LRP) (fig. S4B), and 
in ovules and seeds (fig. S6, A and B), exhibiting 
patterns complementary to those of cytokinin 
signaling. As in the embryo, short-term amiRPUPI4 
induction resulted in ectopic cytokinin signaling 
in the seedling root, particularly in the meriste- 
matic region of the root tip (fig. S4A) and in the 
LRP (fig. S4B). Accordingly, transcription of the 
immediate-early cytokinin target genes type-A 
ARABIDOPSIS RESPONSE REGULATOR 5 (ARR5), 
ARR6, and ARR7 (13) was induced in seedlings 
(Fig. 1D). 

Continuous induction of amiRPUPI4 led to 
growth retardation of the seedling root and shoot, 
with suppression of lateral roots (14, 15) (Fig. 1E); 
this finding suggests that the root and shoot 
meristem activities were both affected when cyto- 
kinin signaling patterns were perturbed by the 
inducible amiRPUPI4. In contrast to the embryo 
(Fig. 1, B and C), TCSn::GFP expression remained 
unchanged after 24 hours of inducing ectopic 
PUPI4 in the seedling root (not shown). We vi- 


sualized PUP14-GFP expressed from the indu- 
cible 35S>ALC>PUPI14-GFP transgene and found 
that, relative to 35S>ALC>GFP, cells of the root 
apex and vasculature failed to express PUP14- 
GFP (fig. S5, A to C). This result suggests that 
ectopic PUP14 is not tolerated, which can explain 
the absent effects on TCSn::GFP in the seedling 
root apex and the lethality of the 35S::PUPI4 
transgene. In addition, relative to endogenous 
PUP14-GFP, the subcellular localization of ectopic 
PUP14-GFP was disturbed (fig. S5, B and ©), 
which may impair its normal function. 

In the shoot, cytokinin controls the homeostasis 
of the shoot apical meristem (SAM) (J6), where 
increased cytokinin causes a more active meristem 
with more primordia (17). As observed in other 
developmental contexts (Fig. 1, A and B, fig. $4, 
and fig. S6, A and B), PUP/4 expression in the SAM 
was inversely correlated with cytokinin signaling 
output assayed by TCSn::GFP (Fig. 2A). Inducing 
amiRPUPI4 expression in adult plants that were 
allowed to complete embryogenesis and the early 
vegetative phase of development undisturbed caused 
ectopic cytokinin output in the SAM, which was 
accompanied by a 37% increase in number of 
primordia, a 94% increase in shoot branching 
relative to ethanol-treated wild-type plants, and 
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Fig. 3. PUP14 cellular function. (A to E) PUP14 transport assays, with relative “C-tZ uptake rates on y 
axis. (A) PUP14-transfected mesophyll protoplasts. (B) Microsomes derived from GFP-, PUPI-, or PUP14- 
transfected Nicotiana benthamiana. (C) Competition by indicated substances in PUP14-transfected 


protoplasts. (D) Competition in microsomes of 35S: 


-PUP14-transfected N. benthamiana. (E) amiRPUP14 


versus ColO seedlings. (F) Relative TCSn::LUC induction in protoplasts treated with 10 nM tZ or BA, 


cotransfected with effector genes, or with addition of 


cell extracts as indicated, normalized to empty vector 


control. Data are means + SD [(A) and (E)] or means + SEM [(B), (C), (D), and (F)]. **P < 0.01, *P < 0.05 


(analysis of variance with Tukey HSD post hoc test). 
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disturbed phyllotaxis (Fig. 2, B and C). Similar 
phenotypes have been observed in plants mutant 
for CYTOKININ OXIDASE 3 (CKX3) and CKX5 (17), 
ARABIDOPSIS HISTIDINE PHOSPHOTRANS- 
FER PROTEIN 6 (18), and ARR3 to ARR9 (19), 
which also display ectopic cytokinin activities. 
Thus, PUP14 functions to limit the cytokinin 
response domains throughout development to 
support morphogenesis. 

Next, we addressed the cellular function of 
PUP14. PUP14-GFP fusion proteins, supported by 
brefeldin A-sensitive vesicular transport, local- 
ized to the plasma membrane (fig. S6C). To test 
PUP14’s cytokinin transport capacity, we con- 
ducted uptake experiments using labeled trans- 
zeatin (tZ), an abundant natural cytokinin (20). 
Transient expression of PUP14 in mesophyll proto- 
plasts or tobacco microsomes stimulated the up- 
take of labeled tZ (Fig. 3, A and B). Transport 
activity in PUP14 was higher than in PUP1 and 
was dependent on the presence of adenosine tri- 
phosphate (8) (Fig. 3B). Uptake was inhibited by 
unlabeled tZ, by the common natural cytokinin 
isopentenyl adenine (iP), by the aromatic cyto- 
kinin BA, and also by adenine, but not by tZ 
riboside, the major cytokinin transport form 
(20), nor by auxin (IAA) or allantoin, which is an 
unrelated substrate (Fig. 3, C and D). Energy- 
dependent cytokinin uptake into a microsomal 
cell-free system excludes the possibility that up- 
take is dependent on cytoplasmic metabolization. 
Conversely, relative to control seedlings, seedlings 
with decreased PUPI4 levels exhibited a reduced 
uptake rate for exogenously added tZ (Fig. 3E). 

Our data show that plasma membrane-localized 
PUP14 imports bioactive cytokinins to the cytosol, 
implying that PUP14 activity depletes ligands from 
the apoplast, which leads to a suppression of the 
cytokinin response. In this scenario, extracellular 
cytokinins binding to the sensing domains of 
plasma membrane-localized receptors (22, 23) 
are important to initiate the signaling response, 
whereas the cytoplasm represents a sink for bio- 
active ligands. To test this hypothesis, we devised 
experiments that compared the effects of differ- 
entially targeted cytokinin-degrading enzymes on 
the cytokinin signaling response. Mesophyll proto- 
plast cells respond to as little as 100 pM exoge- 
nously added tZ by activating cytokinin signaling 
(4), which suggests that they depend on exoge- 
nous cytokinins and thus constitute a suitable 
model to study cytokinin perception independent 
of production. Transient transfection of PUP14 
localizing to the plasma membrane (fig. S7A) 
caused a reduction of cytokinin-dependent TCS:: 
LUCIFERASE (LUC) activity (Fig. 3F), recapit- 
ulating the phenotypes from PUPI4 overexpres- 
sion in the embryo (Fig. 1B). Transient expression 
of wild-type CKX2 that is targeted for secretion to 
the apoplast (20) (fig. S7B) attenuated the cyto- 
kinin response triggered by tZ but not by the 
degradation-resistant BA. To target CKX2 to the 
exofacial side of the plasma membrane, we added 
a glycosylphosphatidylinositol (GPI) anchor (24), 
resulting in CKX2-GPI (fig. S7C), which also caused 
a reduction in the cytokinin response. In contrast, 
a variant of CKX2 that lacks the N-terminal signal 
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peptide (ASP-CKX2) and colocalizes with a cyto- 
plasmic marker (fig. S7D) did not affect the cyto- 
kinin response, and neither did CKX’7, which also 
localizes to the cytoplasm (25) (fig. S7E). Crude 
cell extracts obtained from ASP-CKX2-transfected 
or CKX’7-transfected cells added to the medium 
reduced the response triggered by tZ, indicating 
that these proteins are active. These data sug- 
gest that apoplastic cytokinins initiate signaling, 
whereas cytoplasmic cytokinins are inactive. 
PUP14 imports cytokinins from the apoplast to 
the cytosol, away from sensing domains of plasma 
membrane-localized receptors, which causes a re- 
duction in cytokinin signaling. Thus, PUP14 activity 
inversely correlates with the capacity of a cell to 
sense cytokinins (fig. S8), and PUP14 spatio- 
temporal activities cause region-specific depletion 
of cytokinins from the apoplast. In animals, the 
importance of such clearing activities is demon- 
strated by the powerful action of drugs that target 
dopamine influx transporters, thereby increasing 
dopamine’s residence time in the synaptic cleft 
(26). Feeding experiments with radiolabeled bio- 
active cytokinin suggest that the bulk of imported 
cytokinins are inactivated by conversion to mono- 
phosphates by ADENINE PHOSPHORIBOSYL 
TRANSFERASE enzymes (27, 28). Furthermore, 
N- or O-glycosylation, oxidative cleavage, or trans- 
port to other cells may contribute to clearance 
of intracellular cytokinins (2). PUP14 is the only 
family member to be linked to cytokinin signaling 
in all organs. In specific developmental contexts, 
additional PUP family members likely have over- 
lapping functions with PUP14. The fact that PUP 
genes are specific to vascular plants (29) may sug- 
gest that PUP genes are needed to support more 
complex cytokinin signaling patterns associated 
with the bauplan of land plants. Because hormonal 
transporters are numerous and universal in plant 
and animal systems, transporters in other systems 
may also regulate patterning during morphogenesis. 
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SPEECH PROCESSING 


Neural mechanisms for lexical 


processing in dogs 


A. Andics,»”"3* A. Gabor,” M. Gacsi, T. Faragé,' D. Szabé,»” A. Miklési?” 


During speech processing, human listeners can separately analyze lexical and intonational cues to 
arrive at a unified representation of communicative content. The evolution of this capacity can be 
best investigated by comparative studies. Using functional magnetic resonance imaging, we 
explored whether and how dog brains segregate and integrate lexical and intonational information. 
We found a left-hemisphere bias for processing meaningful words, independently of intonation; 

a right auditory brain region for distinguishing intonationally marked and unmarked words; and 
increased activity in primary reward regions only when both lexical and intonational information 
were consistent with praise. Neural mechanisms to separately analyze and integrate word meaning 
and intonation in dogs suggest that this capacity can evolve in the absence of language. 


arious species rely on similar acoustic 

cues from vocalizations to infer inner states 

(1, 2). Human vocal comprehension also 

uses association of arbitrary sound sequen- 

ces with meaning. Lexical items (words) are 
the basic building blocks of human languages but 
are hardly ever found in nonhuman vocal com- 
municative systems, even though several species 
are capable of learning and discriminating ar- 
bitrary sound sequences (3, 4), associating vo- 
calizations with specific meanings (4, 5), or 
producing human-like lexical items after exten- 
sive training (6). 

Lexical processing in humans is lateralized 
to the left hemisphere (LH) of the brain (7). Ac- 
cording to acoustic theories, this is caused by 
LH bias for rapidly changing signals (8), which 
is not unique to humans (9). In contrast, func- 
tional theories assume LH bias for lexical rep- 
resentations of meaning, independent of acoustics 
(0). Nonhuman neural evidence for lexical pro- 
cessing is scarce. LH bias for broadly defined 
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meaningfulness has been found for processing 
familiar, conspecific sounds (11-13). The compar- 
ison of human and nonhuman neural mech- 
anisms for processing spoken words may reveal 
how speech-related hemispheric asymmetries and 
lexical representations emerged during evolution. 

Dogs present an ideal model for such inves- 
tigations. Domestication has increased dogs’ abil- 
ities to engage in acoustic communication with 
humans (/4), they are more receptive than wolves 
to human vocal signals (75), and their behavior is 
more easily brought under human vocal control 
(16, 17). Dogs can recognize (up to ~1000) words as 
discriminative stimuli to retrieve different objects 
(18), and they process acoustic cues from human 
and dog vocalizations in overlapping auditory 
brain regions (19). A recent behavioral study found 
orienting asymmetries in dogs that listened to 
artificially manipulated spoken commands, pro- 
viding indirect evidence of LH bias when the 
salience of meaningful phonemic cues increased 
and RH bias when the salience of intonational or 
speaker-related vocal cues increased (20). 

We applied functional magnetic resonance 
imaging to disentangle lexical versus intona- 
tional processing in awake dogs (19) (fig. S1). 
Verbal praises were used as stimuli because (i) 
human languages signal praise both lexically 
(“Well done!”) and intonationally [higher pitch 
and pitch range, specific pitch contour (27)]; (ii) 
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Fig. 1. Distinct neural patterns for lexical and intonation processing in dog brains. (A) Experimental conditions. (B) Acoustic variation of stimuli. (©) Hemi- 
spheric lateralization test. Lateralization indices (LI) are shown across thresholds (connecting lines) and overall (horizontal bars). Positive values, left hemi- 
sphere. (D) Dog auditory regions responsive to speech (table S2). The color bar shows the range for one-sample t-test scores (12 degrees of freedom) for the speech 
(Pp + Pn + Np + Nn) > silence contrast. (E) Random-effects tests in auditory regions. (F) Functional connectivity tests. Random-effects test results are superimposed 
on an axial (z) slice [whole-brain familywise error (FWE)-corrected P < 0.05]; table S4]. N = 13; ***P < 0.001; **P < 0.01; *P < 0.05; error bars, SEM. 
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verbal praises are often used in dog-directed 
speech as social rewards; and (iii) neural ev- 
idence on reward processing mechanisms is well 
established (22, 23). Primary reward regions (the 
mesolimbic dopamine system), consisting of the 
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MAX = Pp J Pn’ Npf Nn) 


a: LVS; b: VTA-SN; c: R VS 


Fig. 2. Integration of lexical and intonational cues of praising in primary reward regions of 
dog brains. (A) Parameter estimates for the two activated brain areas from the integration test 
(small-volume FWE-corrected P < 0.05; table S3). Follow-up paired t tests, *P < 0.05. Error bars, 
SEM. (B) VS and VTA-SN masks overlaid on sagittal (x), coronal (y), and axial (z) slices, with voxels 
color-coded to indicate which condition elicited the maximal response. 


ventral striatum (VS) and dopamine neurons 
of the ventral tegmental area and substantia nigra 
(VTA-SN) (24, 25), consistently respond more 
strongly to reward than to nonreward signals in 
humans, and this is also the case in dogs (26). 


We manipulated lexical information (marked, 
praise word; unmarked, neutral word) and into- 
nation (marked, praising tone; unmarked, neu- 
tral tone) separately. Experimental conditions 
involved every combination of word type and 
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intonation (Fig. 1A): praise words in praising in- 
tonation (Pp), praise words in neutral intonation 
(Pn), neutral words in praising intonation (Np), and 
neutral words in neutral intonation (Nn). For praise 
words, we selected Hungarian expressions used 
by all test dog owners for praising. For neutral 
words, we used Hungarian conjunction words of 
similar frequency. Typically, praise but not neutral 
words are spoken with praising intonation, and 
only Pp is used to address dogs. We assumed that 
Pp is meaningful to dogs whereas Nn is not, and 
that praise words thus contain lexical cues but 
neutral words do not. 

We hypothesized that if dogs maintain lexical 
representations, neural reward responses would 
depend on both lexical and intonational infor- 
mation. In contrast, if dogs do not segregate lexi- 
cal information from intonation, neural reward 
responses would be modulated only by intona- 
tional cues. LH bias for lexical processing would 
be consistent with functional theories, no later- 
alization for lexical cues and RH bias for intona- 
tional cues would support the acoustic account, 
and LH bias for Pp (and perhaps Nn) relative to 
Pn and Np would argue for a role of familiarity. 

Vocal stimuli from the dogs’ female trainer were 
recorded. We used this single individual's voice, 
which was similarly well known to every dog, 
because speaker familiarity affects dogs’ reactions 
to verbal utterances (27). Stimuli with praising 
intonation had a higher and more varying pitch, 
but no systematic acoustic differences were found 
between praise and neutral words (Fig. 1B). Non- 
Hungarian listeners scored intonationally but not 
lexically marked stimuli as more praising (28). 

To assess overall lateralization, we used a boot- 
strapping approach with multiple cutoff thresh- 
olds (29) (Fig. 1C and table S1). Cortical responses 
for lexically marked (Pp and Pn) but not un- 
marked (Np and Nn) words were LH-lateralized. 
LH bias for lexically marked words was persistent 
across thresholds. There were no intonational or 
lexical-intonational effects. In a previous study (19), 
we found no lateralization bias for nonspeech 
human sounds. These findings support the func- 
tional account (10, 20) and suggest that dog brains 
maintain intonation-independent lexical represen- 
tations of meaning. Lateralization for Pp could also 
be related to its higher frequency in dog-directed 
speech, but Pn, though rare, elicits a similar LH bias, 
making a familiarity-based account improbable. 

To investigate regional effects, we performed 
random-effects tests, focusing on two sets of 
brain areas: (i) auditory regions responsive to 
speech (Fig. 1D and table S2), localized func- 
tionally, and (ii) primary reward regions, VS 
and VTA-SN (24, 25), defined anatomically (30). 
We tested for separate effects of lexical (Pp + Pn 
versus Np + Nn) and intonational (Pp + Np ver- 
sus Pn + Nn) processing and for combined effects 
of lexical-intonational processing in three ways: 
an interaction test [(Pp versus Pn) versus (Np 
versus Nn)], a simple contrast or “integration” 
test (Pp versus Pn + Np + Nn), and a conjunc- 
tion test [(Pp versus Pn)N(Pp versus Np)]. 

Within auditory regions, we found intonation 
effects but no lexical or lexical-intonational effects. 
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Intonation effects were only evident in the right 
middle ectosylvian gyrus (R mESG), with stronger 
responses for words with neutral intonation, in- 
dependent of word meaning (Fig. 1E and table 
S3). We then modeled acoustic variation across 
stimuli, using parametric modulators. We found 
that R mESG activity negatively covaried with 
fundamental frequency (FO), paralleling findings 
of higher sensitivity to lower pitch in the near- 
primary auditory cortex in humans (37), macaques 
(32), and dogs (19). There was no intonation or FO 
effect in the left homolog region (L mESG) but 
also no significant hemispheric bias (2, 28). Unlike 
in human studies, we found no effect of FO 
change (33) (table S3). In whole-brain condition- 
dependent functional connectivity analyses with 
auditory subregions as seeds, an intonation effect 
(stronger correlation for praising intonation) was 
only found between the R mESG (as the seed) and 
R caudate nucleus (CN; Fig. 1F and table $4). Con- 
nectivity results suggest a human-analog functional 
link between auditory and reward regions for 
processing praising intonation (34). The R mESG 
in dogs is thus involved in processing acoustic 
cues that are relevant for emotional intonation 
in both speech and nonspeech human and dog 
vocalizations (19). Analogously, emotional intona- 
tion processing in humans involves mechanisms 
that are not specific to speech (35-37). 

In primary reward regions, we found com- 
bined lexical-intonational effects but no separate 
lexical or intonational effects. Pp elicited stron- 
ger neural responses than any other condition in 
the dopamine nuclei of the VIA-SN and in the 
CN (within the VS) (Fig. 2A and table S3). Dog 
reward regions thus respond most strongly to 
verbal praises when both lexical and intonational 
information fit. To further illustrate these find- 
ings, we calculated the maximal response for 
each voxel within the reward masks: Pp had the 
highest percentages in both the VS (Pp, Pn, Np, 
and Nn: 71.3, 6.2, 8.6, and 13.9%) and the VIA-SN 
(96.0, 0.0, 0.0, and 4.0%) (Fig. 2B). Similarly to 
humans, dogs appear to integrate lexical and in- 
tonational cues in speech to evaluate meaning in 
nonauditory brain regions (38). 

We discovered three neural mechanisms of 
speech processing in dogs. First, there was a LH 
bias for processing meaningful words, indepen- 
dently of intonation. Second, acoustic cues of 
affective speech intonation were processed inde- 
pendently of word meaning in R mESG, and 
intonational markedness increased functional con- 
nectivity between auditory and caudate regions. 
Third, dogs relied on both word meaning and 
intonation when processing the reward value of 
verbal utterances. All three findings reveal func- 
tional analogies between dog and human brain 
mechanisms (2, 7, 19, 34, 38). We suggest that in 
a suitable ontogenetic environment, lexical rep- 
resentations can arise and be separated from 
acoustics, even in anonprimate mammal. In dogs, 
specific selective forces during domestication could 
have also supported interspecific communicative 
and learning skills (17), but rapid evolution of 
speech-related hemispheric asymmetries is un- 
likely (39). Lateralized lexical processing does 


not appear to be a uniquely human capacity that 
follows from the emergence of language, but 
rather a more ancient function that can be ex- 
ploited to link arbitrary sound sequences to 
meanings. What makes lexical items uniquely 
human is thus not the neural capacity to process 
them, but the invention of using them. 
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DENGUE VACCINE 


Benefits and risks of the 
Sanofi-Pasteur dengue vaccine: 
Modeling optimal deployment 


Neil M. Ferguson,’*+ Isabel Rodriguez-Barraquer,”* Daria Dorigatti,* 
Luis Mier-y-Teran-Romero,” Daniel J. Laydon, Derek A. T. Cummings”* 


The first approved dengue vaccine has now been licensed in six countries. We propose that 
this live attenuated vaccine acts like a silent natural infection in priming or boosting host 
immunity. A transmission dynamic model incorporating this hypothesis fits recent clinical trial 
data well and predicts that vaccine effectiveness depends strongly on the age group 
vaccinated and local transmission intensity. Vaccination in low-transmission settings may 
increase the incidence of more severe “secondary-like” infection and, thus, the numbers 
hospitalized for dengue. In moderate transmission settings, we predict positive impacts 
overall but increased risks of hospitalization with dengue disease for individuals who are 
vaccinated when seronegative. However, in high-transmission settings, vaccination benefits 
both the whole population and seronegative recipients. Our analysis can help 

inform policy-makers evaluating this and other candidate dengue vaccines. 


he first dengue vaccine, the product of a 20- 

year development process by Sanofi Pasteur 

Ltd., has now been approved for use in six 

countries. Its development was considera- 

bly more challenging than for other flavi- 
virus infections because of the immunological 
interactions between the four dengue virus (DENV) 
serotypes and the risk of immune-mediated en- 
hancement of disease (1-3). Individuals experi- 
encing their second natural DENV infection have 
a higher risk, by more than sixfold, of severe dis- 
ease compared with those experiencing primary 
infection (4, 5), which is hypothesized to be due 
to heterotypic antibody-dependent enhancement 
(4). If future trials are to avoid similar conse- 
quences, the ideal DENV vaccine should gener- 
ate a balanced protective response against each 
of the four serotypes (1). 

The Sanofi-Pasteur vaccine, Dengvaxia, a re- 
combinant chimeric live attenuated DENV vaccine 
based on a yellow fever 17D vaccine backbone, 
was evaluated in two large multicenter phase 3 
trials. One trial was conducted in Southeast Asia 
(6), among ~10,000 children aged 2 to 14 years, 
and the other in Latin America (7), among ~21,000 
children aged 9 to 16 years. Both trials reported 
efficacy of ~60% against virologically confirmed 
symptomatic dengue disease (the primary out- 
come), as well as higher efficacy against severe 
dengue and variation in efficacy by serotype 
(6-8). The trials also revealed high efficacy in re- 
cipients who were seropositive to DENV at the 
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time of vaccination, but much lower (and statis- 
tically insignificant) efficacy in those who were 
seronegative at the time of vaccination. Both trials 
also found lower vaccine efficacies in younger age 
groups—a pattern consistent with reduced effi- 
cacy in individuals who have not lived long enough 
to experience a natural infection. 

Reduced efficacy in seronegative recipients ini- 
tially indicates that it would be beneficial, but not 
essential, to optimize the target age group when 
developing vaccination programs. However, in 
July 2015, long-term follow-up results for the third 
year of the trial showed that vaccinees in the 
youngest age group (2- to 5-year-olds) of the Asian 
trial had a substantially and significantly higher 
risk of hospitalization for virologically confirmed 
dengue disease than controls had (9). In other age 
groups (in both trials), the vaccine was still pro- 
tective against hospitalization, albeit efficacy was 
lower than that seen in the active phase of the 
trial [see supplementary materials (J0)]. Im- 
munogenicity data (17-18) have shown that sero- 
positive vaccine recipients attain high and sustained 
antibody levels after the first dose of vaccine, 
whereas peak antibody levels in seronegative re- 
cipients are on average a factor of 10 lower and 
show rapid decay, apparent even between vaccine 
doses (18). Serological data were only collected 
from a subset of participants in each phase 3 
trial, so it is not possible to determine whether 
the risk excess seen in the 2- to 5-year-old age 
group is driven by the effect of vaccine in the large 
proportion of seronegative recipients in this age 
group, but at present, this appears to be the most 
plausible explanation (9). 

These trial results pose challenges in consid- 
ering how best to use the vaccine. The hetero- 
geneities in the efficacy profile—combined with 
the uncertainties regarding the vaccine’s mech- 
anism of action (20) and the underlying com- 
plexity of DENV epidemiology and transmission 


dynamics—make it far from simple to extrapolate 
from the trial results to predict the potential im- 
pact of wide-scale use of this vaccine. 

We therefore developed mathematical models 
of DENV transmission (10) to explore hypotheses 
about vaccine action and to examine the poten- 
tial consequences for the impact of routine use of 
this vaccine. Given the trial results (see table S1), 
any model needs to incorporate waning of effi- 
cacy over time. Hence, we fitted a “simple” model 
to the publicly available trial data (6-8), where 
efficacy was allowed to decay from an initial high 
value to some lower long-term value, with these 
efficacy values assumed to be different for sero- 
positive and seronegative vaccine recipients. The 
resulting parameter estimates and poor overall 
fit (table S5 and fig. S5) led us to propose a more 
biologically motivated model, in which the im- 
munological effect of vaccination is comparable 
to a silent natural infection (fig. S1). Seronegative 
recipients gain transient protective cross-reactive 
immunity akin to that observed for natural infec- 
tion (27-23). After this protection decays, lower 
concentrations of heterotypic antibodies increase 
the risk of severe disease upon a breakthrough 
primary infection to the same level seen for sec- 
ondary infections in nonvaccinees (4, 5). Con- 
versely, vaccination of recipients who have already 
had one DENV infection results in a boosting of 
immunity to levels comparable with someone 
who has had two natural infections, and their 
next infection will not have the higher severity 
associated with natural secondary infections, but 
rather, the much lower risk of severe disease as- 
sociated with tertiary and quaternary (post- 
secondary) infections (24). 

This model fitted well the patterns seen in both 
the active and long-term follow-up phases of the 
phase 3 clinical trial, including the variation in 
vaccine efficacy by age, serostatus at the time of 
vaccination, and time since vaccination (Fig. 1). 
The poorest aspect of model fit is to the sevenfold 
greater incidence of hospitalization with dengue 
seen in 2- to 5-year-old vaccine recipients com- 
pared with controls in the first year of the long- 
term follow-up in the Asian trial. However, model 
predictions lie within the confidence bounds of 
the data, and the model successfully reproduces 
a relative risk >1 for vaccine recipients compared 
with controls in that age group. Indeed, had the 
long-term follow-up data on the effects of vacci- 
nation in the 2- to 5-year-old age group not been 
included, our model would still have predicted a 
relative risk >1 in that age group, based on trends 
seen in the other age groups and the results of 
the active phase (table S4). 

Consistent with prior knowledge (5), our pa- 
rameter estimates indicated that secondary infec- 
tions are about twice as likely to cause symptomatic 
infection as either primary or postsecondary 
infections (table S3). In addition, we estimated 
that the vaccine initially induces near-perfect 
heterologous protection in seronegative recip- 
ients but that this decays rapidly, with a mean 
duration of 7 months [95% credible interval (CI) 
of 4 to 11 months]. Our analysis did not resolve 
the extent to which such transient heterologous 
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protection is induced in seropositive recipi- 
ents; the modal posterior estimate of the efficacy 
of such protection is 0 but the 95% CI spans 0 
to 100%. 

To predict the implications of our model of 
vaccine responses on the effectiveness of immu- 
nization policies, we simulated the effect of routine 
vaccination at 80% coverage, and explored the 
effect of varying the age at vaccination between 2 
and 18 years of age. We deliberately examined 
ages below the 9-year minimum age approved 
by regulators to give greater insight into the in- 
teraction between age, transmission intensity, 
seroprevalence, and the impact of vaccination 
on dengue disease. Owing to the dependence of 
efficacy on serostatus at the time of vaccination, 
the impact of the vaccine critically depends on 
the proportion of the target age group who have 
experienced 0, 1, or more natural DENV infec- 
tions before vaccination. Therefore, we quantify 
transmission intensity as the long-term average 
of the proportion of 9-year-olds who are sero- 
positive. This metric maps monotonically onto the 
more commonly used metric of the basic repro- 
duction number, Ro (fig. S3), but has the advan- 
tages of being directly related to the key driver of 
vaccine efficacy (i.e., serostatus), which is readily 
measurable and interpretable and not depen- 
dent on specific model assumptions (25). 

The predicted mean population impact of rou- 
tine vaccination on symptomatic dengue disease 
and case incidence of hospitalization with den- 
gue over 10- and 30-year periods is shown in Fig. 2. 
In high-transmission settings, vaccination is asso- 
ciated with modest (20 to 30%) reductions in 
both symptomatic disease and hospitalization. 
For a specific level of transmission, there is an 
optimal age of vaccination that decreases as trans- 
mission intensity increases. Although short-term 
(10-year) impacts are generally positive, over 
longer periods of time (30 years), vaccination 
may have positive or negative impacts on the 
incidence of symptomatic dengue disease and 
hospitalized dengue. This is particularly true in 
low-transmission settings. Vaccination is more 
likely to have a negative outcome for hospitalized 
dengue than symptomatic dengue as secondary 
or secondary-like infections (i.e., primary infec- 
tions in vaccine recipients) have an approximately 
eightfold higher risk of hospitalization than pri- 
mary infections but only a twofold higher risk 
of uncomplicated symptomatic disease (10, 26). 

The population-level impacts of vaccination hide 
enormous heterogeneity in benefits and risks at 
the level of the individual recipient (Fig. 3, A and 
B): Seropositive recipients always gain a sub- 
stantial benefit from vaccination (>90% reduc- 
tion in the risk of being hospitalized with dengue), 
whereas seronegative recipients experience an 
increased risk of being hospitalized with dengue. 
This is true both in the short-term (see supplemen- 
tary materials) and in the long-term and raises fun- 
damental issues about individual versus population 
benefits of vaccination. The increase in risk is 
greatest for low-transmission settings, where a 
substantial fraction of seronegative recipients would 
not normally experience a natural secondary in- 
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Fig. 1. Model fit to publicly available data from the Asian phase 3 clinical trial. See (6). Modal (best- 
fit) estimate and 95% credible intervals for four conditions. (A) Proportion of participants of the immu- 
nological subset of the trial who were seronegative at the time of receiving their first dose, by age. (B) Attack 


rate of virologically confirmed symptomatic dengue in i 


mmunological subset in first 2 years after dose 1 by trial 


arm and baseline serostatus. (©) Attack rate of virologically confirmed symptomatic dengue in all trial 
participants in first 2 years after dose 1 by trial arm and age group. (D) Attack rate of virologically confirmed 
hospitalization with dengue disease in all trial participants in third year after dose 1 (first year of long-term 
follow-up) by trial arm and age group. Fit to Latin American trial shown in the supplementary materials (10). 


fection. Conversely, in the highest-transmission 
settings, the main effect of vaccination on sero- 
negative individuals is to bring forward in time 
the more severe secondary-like infection that they 
would have eventually naturally experienced. This, 
combined with a small indirect effect of vaccina- 
tion on reducing transmission, leads to a small 
overall positive benefit to all recipients in high- 
transmission settings. Restricting the minimum 
licensed age of use of the vaccine to 9 years mit- 
igates, but does not remove, the risk of negative 
population-level impacts in low-transmission set- 
tings where the majority of 9-year-olds are still 
seronegative. Conversely, in high-transmission set- 
tings, the optimal age to target for vaccination 
can be below 9 years. 

The vaccination policies that risk producing 
adverse outcomes can therefore be defined. The 
minimum average prevaccination seroprevalence 
required to avoid negative impacts is shown in 
Figure 3C from both the individual and popula- 
tion perspectives. An overall negative impact on 
the entire population can be avoided by choos- 
ing a target age for vaccination in which average 
seroprevalence exceeds ~35%. In contrast, it is 
harder to avoid an increased risk of hospitaliza- 
tion for individuals who are seronegative when 
vaccinated. Doing so requires that the indirect 
effects of vaccination in reducing overall dengue 
transmission exceed the increased risk of disease 
which vaccination causes in seronegative indi- 
viduals via immune priming. Over a period of 30 
years, this is only possible in high-transmission 
intensity settings when Ro > 3 or seropreva- 
lence in 9-year-olds exceeds ~70%. Only for the 
youngest age of vaccination considered (2 years, 
below the licensed minimum age) do population 


and individual thresholds converge. In part based 
on the modeling presented here, the World 
Health Organization’s Strategic Group of Experts 
on Immunization has recently recommended 
population serological surveys be undertaken 
in populations where the vaccine is being con- 
sidered for use and that vaccination is only recom- 
mended where seroprevalence in the targeted age 
group exceeds 50% (and preferably 70%) (27). 
Serological testing of individuals offers an alter- 
native solution to mitigate the potential risks and 
to maximize the benefits of dengue vaccination; 
rapid diagnostic tests could be used to screen po- 
tential vaccine recipients, with only seropositive 
individuals being vaccinated. Indeed, data from 
immunogenicity studies suggest that a single-dose 
vaccination schedule might be enough to achieve 
protective immunity in seropositive individuals. 
Such a policy could result in up to a 30% reduction 
in the incidence of hospitalization for dengue 
and a much-reduced risk of negative outcomes 
(Fig. 4A) after vaccinating only a fraction (those 
testing seropositive) of the target age group (Fig. 
4B). Although such a policy would be logistically 
challenging in the context of mass vaccination 
campaigns, it should not be ruled out—if the cost 
of testing can be reduced to a level comparable 
with the cost of buying and delivering a single 
vaccine dose, such a strategy is likely to have 
substantially greater cost-effectiveness than the 
current three-dose strategy without testing. Using 
serological testing to inform vaccination decisions 
is not an entirely novel concept, as it has been 
recommended for pregnant women in relation to 
rubella and hepatitis B vaccination (28, 29). 
Because vaccination only transiently reduces the 
risk of infection and the main effect of vaccination 


sciencemag.org SCIENCE 


Downloaded from http://science.sciencemag.org/ on September 2, 2016 


RESEARCH | REPORTS 


Age at vaccination (years) 
10 15 5 10 15 


5 


A B 
a mS 
20 40 60 80 20 40 60 80 


0.4 
0.3 
0.2 
0.1 
0 
0.5 
4 
2 
3 


Proportion seropositive at 9 years 


Fig. 2. Predicted population effects of vaccination on dengue disease for a range of transmission 
intensities (x axes) and ages of vaccination (y axes). Color scale indicates proportion of cases averted 
in the whole population (A) over 10 years, for all symptomatic dengue; (B) over 10 years, for participants 
hospitalized with dengue; (C) over 30 years, for all symptomatic dengue; and (D) over 30 years, for 
hospitalization with dengue. Negative proportions of cases averted indicate vaccination increases risk. 
Solid contours indicate the optimal age of vaccination for each transmission intensity. Dashed contours 
indicate the youngest age group that may be targeted to avoid negative effects at the population level. 
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is to modify the risk of disease, our findings 
predict that the indirect effect of vaccination on 
DENV transmission will be limited. This explains 
why we found that the predicted impacts of rou- 
tine vaccination (whether positive or negative) 
scale almost linearly with vaccine coverage. Our 
default assumption was that symptomatic infec- 
tions are twice as infectious as asymptomatic 


ion of the age group (1-year age bands) targeted for 
the time of vaccine introduction to avert negative 
ion (red) and individual (blue) level. 


reducing transmission in high-transmission in- 
tensity settings but slightly increasing transmission 
in low-transmission settings. Making the alter- 
native assumption that all infections are equally 
infectious reduces the chance and magnitude of 
negative impacts of vaccine for low-transmission 
intensities but also reduces the positive impacts 
of vaccination when transmission intensity is high 


infections, which leads to vaccination slightly 
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(figs. S9 and S10). 


Our results also show that the effectiveness of 
vaccination would be expected to vary over time 
(figs. S6 to S8). In low-transmission settings, the 
introduction of vaccination could perturb trans- 
mission dynamics and lead to transient reductions 
in dengue disease incidence for 5 to 10 years. Only 
when the transmission dynamics reequilibrate are 
the long-term impacts seen. From the individual 
perspective, it is also important to consider the 
effect of vaccination on the cumulative lifetime 
risk of dengue disease and hospitalization. Among 
seronegative recipients, reductions in risk result- 
ing from short-term vaccine-induced protection 
might exceed later increases in risk resulting from 
vaccine-induced immunological priming. This is 
particularly true in high-transmission settings 
where, in the absence of vaccination, nearly every- 
one experiences secondary infection with dengue 
at some point in their lives. Special consideration 
should be given to the policy and ethical consid- 
erations of shifting infections and/or symptomatic 
episodes among individuals to different times in 
their lives. 

Our analysis has several limitations. We were 
not able to estimate serotype-specific efficacy pa- 
rameters. Owing to cross-reactive immunity, in 
any one year, DENV incidence in single popula- 
tions tends to be dominated by a single serotype, 
which is reproduced by our transmission model. 
However, the phase 3 trials showed substantial 
attack rates from all four serotypes, but under- 
pinning this was much greater heterogeneity in 
serotype-specific attack rates between the coun- 
tries contributing to the trial. To capture observed 
serotype-specific attack rates it is necessary to fit 
country- and serotype-specific trial data, which 
are not currently publicly available (30). How- 
ever, in the supplementary materials (10), we show 
how the apparent serotype-specific efficacies seen 
may reflect differences between serotypes in the 
propensity to cause disease in primary, secondary, 
and postsecondary infection rather than actual 
differences in (serostatus-specific) efficacy (fig. 
$12). Including such asymmetry does not qual- 
itatively affect model predictions (figs. S13 and 
S14). We also do not consider persistent variation 
in exposure to DENV at the individual or neigh- 
borhood level; if substantial proportions of the 
population consistently experience lower or 
higher levels of exposure than the average through- 
out their lives, then both the risks (to the low- 
exposure group) and benefits (to the high-exposure 
group) of vaccination may be larger than we es- 
timate here. Although characterizing real-world 
levels of exposure heterogeneity is difficult, this 
issue should be a priority for future work. 

All efficacy outcomes measured in the trial were 
based on clinically apparent disease, so we are cur- 
rently unable to resolve whether the vaccine 
protects against infection or just against disease 
(20, 31). Our baseline model assumes a combina- 
tion of both—short-lived protection against in- 
fection, followed by a long-lived modification 
of future disease risk. We are also unable to assess 
the impact of breakthrough infections on vaccine- 
acquired immunity. If vaccination truly acts as a 
silent infection, then breakthrough infections in 
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Fig. 4. Expected population effects of vaccination if vaccination is preceded by serological testing 
(with a rapid test assumed to have 90% sensitivity and specificity) and only individuals who test 
seropositive for dengue are vaccinated. For the population, 80% coverage is assumed. (A) Proportion 
of hospitalizations averted over a 30-year period for different transmission intensities and target age at 
vaccination. (B) Proportion of vaccine doses saved (y axis) if only seropositive individuals are targeted, 
for different transmission intensities (x axis) and target ages (different curves). 


seronegative vaccinees should induce a broadly 
multitypic and protective immune response (akin 
to unvaccinated individuals who have experienced 
two natural infections)—our current model assump- 
tion. Understanding any differences between nat- 
urally and vaccine-acquired immunity will be 
critical in assessing the overall impact of vacci- 
nation on this group. In addition, although not 
required to reproduce the main trends seen in 
the trial, variation of efficacy with age cannot be 
ruled out. If vaccine efficacy were lower in younger 
age groups, independent of serostatus, the pre- 
dicted outcomes of vaccination programs target- 
ing older children would increase, particularly in 
lower-transmission settings. Last, in the modeling 
presented here, we assumed that vaccine-induced 
protection in seropositive individuals is long- 
lasting—future data may allow this optimistic as- 
sumption to be tested. 

Successful licensing of the first vaccine against 
a major global pathogen is a significant achieve- 
ment. However, the dependence of vaccine efficacy 
on prior immunity presents challenges to planning 
large-scale use. Other recent modeling efforts 
have predicted impacts of vaccination that are 
more beneficial than those presented here but 
used models that were not fit to the data from 
the clinical trial (32) or the long-term follow-up 
(30). Our analysis indicates that to maximize the 
population impact of vaccination and to prevent 
negative impacts, it will be necessary to carefully 
tailor vaccination strategies to local epidemio- 
logical conditions. Our results indicate that the 
vaccine should only be used in moderate- to high- 
transmission settings, at least until more data are 
available to clarify the extent to which the vaccine 
primes seronegative recipients for a higher risk of 
hospitalized disease. Careful selection of the age 
group to target for routine vaccination can maxi- 
mize benefits, but our current estimates indicate 
that in all but the highest-transmission settings, 
use of this vaccine may lead to an increase in the 
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risk of hospitalization for dengue in seronegative 
recipients even if the overall impact of vaccina- 
tion is positive. We predict routine vaccination 
will cause, at most, moderate (10 to 20%) reduc- 
tions in disease incidence, so it is important to 
set realistic expectations of impact for the policy- 
makers and populations of countries likely to 
implement such policies. Population serosurveys 
can mitigate risks in planning routine vaccination, 
but individual serological testing, if feasible, might 
radically improve the benefit-risk trade-off. 

The partial efficacy of this vaccine raises the 
question of how its use might be combined with 
more effective vector control measures [e.g., using 
new technologies, such as Wolbachia (33) to 
achieve greater overall public health impact]. Care- 
ful modeling of combined intervention strategies 
is a priority for future work, but a priori, the ef- 
ficacy profile of this vaccine suggests the need for 
caution. If new vector control interventions sub- 
stantially reduce (but do not eliminate) dengue 
transmission, population seroprevalence will de- 
cline over time. Unless vaccination strategies ac- 
count for such effects, introduction of routine 
immunization against a background of recently 
substantially enhanced vector control may pose 
the same long-term risks of negative impacts of 
vaccination that we predict for vaccine use in 
other settings having low transmission intensity. 

Efficacy data for the other DENV vaccine can- 
didates under development are not yet available, 
but all candidates show similar differences in 
immunogenicity by prior serostatus to those seen 
for the Sanofi-Pasteur vaccine (34, 35). There- 
fore, even though there are potentially relevant 
structural differences between the candidates, it 
is feasible that they may share similar efficacy 
profiles. Therefore, our analysis may have appli- 
cation beyond the Sanofi vaccine. More gener- 
ally, our work and that undertaken for the RTS,S 
malaria vaccine (36) reinforce the value of mod- 
eling in interpreting trial results and planning 


how best to use partially effective vaccines with 
complex efficacy profiles. 
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NEURODEVELOPMENT 


De novo synaptogenesis induced by 
GABA in the developing mouse cortex 


Won Chan Oh,’ Stefano Lutzu,” Pablo E. Castillo,” Hyung-Bae Kwon’?* 


Dendrites of cortical pyramidal neurons contain intermingled excitatory and inhibitory 
synapses. We studied the local mechanisms that regulate the formation and distribution of 
synapses. We found that local y-aminobutyric acid (GABA) release on dendrites of mouse 
cortical layer 2/3 pyramidal neurons could induce gephyrin puncta and dendritic spine 
formation via GABA type A receptor activation and voltage-gated calcium channels during early 
postnatal development. Furthermore, the newly formed inhibitory and excitatory synaptic 
structures rapidly gained functions. Bidirectional manipulation of GABA release from 
somatostatin-positive interneurons increased and decreased the number of gephyrin puncta 
and dendritic spines, respectively. These results highlight a noncanonical function of GABA as a 
local synaptogenic element shaping the early establishment of neuronal circuitry in mouse cortex. 


he spatial arrangement of synapses de- 
termines the functional consequences of 
excitation and inhibition for synaptic in- 
tegration, action potential generation, and 
repetitive activity (1-5). The initial processes 

of synapse formation are regulated by genetically 
programmed intrinsic mechanisms; later, syn- 
apses are further shaped by neuronal activity 
(6). Recently, a fine-scale optical approach using 
two-photon laser scanning microscopy and two- 
photon laser photoactivation revealed the pro- 
cesses of individual excitatory synapse formation 
in real time and the underlying signaling path- 
ways in various brain regions such as the neo- 
cortex, hippocampus, and basal ganglia (7-9). 
However, the spatiotemporal mechanisms that 
govern activity-dependent de novo inhibitory syn- 
apse formation in a developing circuit remain 
poorly understood. Here, we used two-photon 
GABA photolysis to deliver spatiotemporally con- 
trolled patterns of GABA release in mouse den- 
drites and monitored how GABA release influences 
synapse formation. These activity-induced pro- 
cesses were visualized as gephyrin puncta and 
dendritic spines, which are inhibitory and excita- 
tory synapse markers, respectively (fig. S1) (0, 11). 
We first examined the total number of gephyrin 
puncta along the apical and basal dendrites in 
organotypic slice cultures during normal develop- 
ment. Both gephyrin puncta and dendritic spines 
rapidly increased between EP6-8 and EP10-12 
[EP (equivalent postnatal) day = postnatal day at 
slice culturing + days in vitro] (fig. S2), and these 
changes were not affected by Teal fluorescent 
protein fused to gephyrin (Teal-gephyrin) expres- 
sion (fig. S3). A similar timeline of gephyrin puncta 
and dendritic spine formation was observed in vivo 
(fig. S4). These data indicate that the synapse- 
forming machinery operates efficiently in our ex- 
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perimental system. On the basis of these results, 
we focused on oblique dendrites localized >70 um 
away from the soma at ages EP6 to EP8 for the 
following synaptogenesis experiments. 

Because the timing and location of GABA re- 
lease can be controlled with high spatial and 
temporal resolution (fig. S5) (12), we examined 
how local GABA release influences synaptogene- 
sis. Repetitive GABA release [high-frequency un- 
caging (HFU); 60 times at 10 Hz, duration 2 ms] 
effectively induced the formation of gephyrin 
clusters, with a success rate of ~48% (Fig. 1, A 
and B). This finding suggests that GABA is suf- 
ficient to drive inhibitory synapse formation, 
analogous to glutamate-induced spinogenesis 
(9). In addition, we found that GABA HFU trig- 
gered dendritic spine formation (Fig. 1, A and 
B). To resolve whether both GABA and glutamate 
trigger common signaling mechanisms to generate 
gephyrin clusters and dendritic spines, we next 
performed glutamate uncaging. Unlike GABA un- 
caging, glutamate HFU led to spine formation but 
not to gephyrin clustering (Fig. 1, A and B). These 
results demonstrate that there is a segregated 
downstream mechanism that is selectively acti- 
vated by GABA but not by glutamate for gephyrin 
clustering, suggesting the input specificity of de 
novo inhibitory synapse formation. To determine 
whether the same phenomenon could occur 
in vivo, we performed GABA uncaging on layer 
2/3 pyramidal neurons in vivo (13). Similar to 
slice cultures, both gephyrin puncta and dendritic 
spines were induced by in vivo GABA uncaging 
(Fig. 1, A and C). Neither mock stimulation nor 
uncaging of a similar caged compound, NPEC- 
caged-D-AP5 (fig. S6), led to successful induction 
(fig. S7). When we performed the same experi- 
ments in older slices (EP14 to EP18), success rates 
of both gephyrin clustering and spinogenesis 
were reduced, but not in younger slices (EP3 or 
EP4) (Fig. 1B). The induction was spatially precise 
(Fig. ID). However, expression mechanisms dif- 
fered (Fig. 1E). Most gephyrin puncta and spines 
formed during the initial 5-min period after GABA 
HFU were stable and likely to become fully mature 
(Fig. 1, F and G). 


To investigate whether GABA acts as an ex- 
citatory signal and triggers Ca?* influx during 
early development (9, 14), we examined the chlo- 
ride reversal potential (Z,)) at P6 to P7, P11 to 
P14, and P18 to P24 by means of perforated 
patch-clamp recording. E, was -46 mV in young 
neurons and -66 mV in mature neurons (Fig. 2, 
A and B). We found a similar Eq by single-channel 
recording (fig. S8). Furthermore, layer 2/3 neu- 
rons were depolarized by GABA uncaging in 
cell-attached current clamp mode, and this de- 
polarization was prevented by the chloride co- 
transporter (NKCC1) inhibitor bumetanide (fig. 
89). GABA uncaging was sufficient to trigger 
Ca?* influx in young neurons in a GABAzine- 
sensitive manner (Fig. 2, C and D). Thus, GABA, 
which normally acts as an inhibitory neuro- 
transmitter in the mature brain, can initiate 
excitatory signaling cascades for synaptogen- 
esis in the developing cortex. 

GABA signals via ionotropic and metabotropic 
receptors (15). We tested the involvement of 
these two receptor types. GABA type A receptor 
(GABAAR) blockade by GABAzine significantly 
reduced gephyrin clustering (Fig. 2E), whereas 
GABA type B receptor blockade did not alter 
gephyrin puncta formation (Fig. 2E), although 
CGP55845 reversed the baclofen-mediated reduc- 
tion of cell firing (fig. S10). Given that GABA 
depolarizes young neurons and triggers forma- 
tion of gephyrin puncta, we examined the in- 
volvement of voltage-dependent calcium channels 
(VDCCs). L-type VDCCs promote gephyrin and 
glycine receptor clustering (16) and can be ac- 
tivated through the Cav1.3 subunit at a hyper- 
polarized potential (~ -55 mV) (17). Blockade of 
L-type VDCCs by nifedipine did not affect gephyrin 
clustering but did cause dispersal of gephyrin 
puncta (Fig. 2E). Blockade of T-type VDCCs (low 
voltage-activated Ca?* channels) by mibefradil, 
which is also a partial antagonist of L-type VDCCs, 
reduced GABA-induced gephyrin clustering (Fig. 
2E). Spine formation by GABA uncaging was in- 
hibited by GABAzine, nifedipine, and mibefradil 
(Fig. 2F). Blockade of the depolarizing action of 
GABA by bumetanide reduced the success rate 
of both gephyrin clustering and spinogenesis. 
Lower-frequency GABA uncaging (LFU; 1 Hz) 
also reduced the success rate (Fig. 2, E and F). 
Thus, gephyrin puncta and dendritic spine for- 
mation induced by GABA are triggered by GABAAR 
activation followed by Ca?* influx through L- and 
T-type VDCCs. Neither gephyrin clustering nor 
spine formation were induced by GABA uncag- 
ing in a Ca*-free artificial cerebrospinal fluid 
(Fig. 2, E and F). 

Structural changes of newly formed spines 
are associated with adaptive functional changes 
in cortical circuits (9, 18-20), but whether gephyrin 
clusters can lead to functional inhibitory synapse 
formation is unknown. To address this question, 
we measured uncaging-evoked inhibitory post- 
synaptic currents (uIPSCs) from newly formed 
gephyrin puncta. When GABA HFU was delivered 
at the target spot in whole-cell clamp mode (fig. 
S11), new gephyrin puncta formed rapidly and 
the amplitudes of uIPSCs subsequently increased 
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mock stimulation, n = 52 trials, 45 cells, 5 mice; spontaneous, n = 71 trials, 
52 cells, 6 mice]. (D) Summary plots of distance-dependent de novo gephyrin 
and spine formation. (E) Time course for size changes of new gephyrin puncta 
(n = 18) and spines (n = 24). (F) Time-lapse images of GABA HFU-induced 
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bars in (E) denote SEM. 


Fig. 2. Molecular mechanisms of GABA-induced 
de novo gephyrin puncta and dendritic spine for- 
mation. (A) Current-voltage curves measured by per- 
forated patch-clamp recordings. (B) Summary graph 
of Ec, at P6 to P7 (-45.9 + 2.7 mV, n = 5), Pll to P14 
(-57.2 + 2.8 mV, n = 7), and P18 to P24 (-66.3 + 
2.1 mV, n = 6). (C) Image of a dendrite coexpress- 
ing GCaMP6s, tdTomato, and Teal-gephyrin. Dashed 
line indicates line-scan path. Green and red fluo- 
rescences were measured by line scanning before 
and after GABA uncaging. (D) Averaged traces and 
summary AG/R [(G/R)peak/(G/R) baseline. Where G 
ete (green) is GCaMP6s fluorescence and R (red) is 

tdTomato fluorescence] in young (EP6 to EP8) and 
old (EP16 to EP18) neurons (with GCaMP6s, n = 13 
cells; without GCaMP6s, n = 8; GABAzine, n = 9; 
mock stimulation, n = 9; old neurons, n = 8). (E and 
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Fig. 3. Rapid accumulation of func- 
tional receptors at newly formed 
gephyrin puncta and dendritic spines. 
(A) Time-lapse images of a dendrite after 
GABA HFU. Green and red arrowheads 
indicate target and control spots, respec- 
tively. (B) ulPSC traces (average of 8 to 10 
trials at 0.1 Hz, +10 mV) measured by 
whole-cell voltage-clamp recordings. 
(C and D) Time courses of the changes 
in gephyrin fluorescence 

(C) and ulPSC amplitudes (D) at targets 
(n = 10 regions) and neighbors (n = 10, 
10 cells). (E) ulPSCs from a target at 
different time points. Time course of 
gephyrin fluorescence and ulPSC 
amplitude changes at targets. 

(F) Scatterplot between gephyrin 
expression levels and ulPSC amplitudes 
(n = 10 cells; up to 40 min). (G) Time- 
lapse images of a dendrite after GABA 
HFU (blue cross). Red arrowheads 
indicate new spines. UEPSCs were 
evoked by glutamate uncaging (red 
cross, 8 to 10 trials at 0.1 Hz, -65 mV) 
from a new spine measured by whole- 
cell voltage-clamp recordings. 

(H) AMPAR-mediated uEPSCs from 
newly formed dendritic spines (n = 12 
spines, 5 cells). *P < 0.05, **P < 0.01; 
error bars represent SEM. 
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Fig. 4. GABA release from SOM interneurons is sufficient and necessary 
for inhibitory and excitatory synaptogenesis during early development. 


(A) Experimental schematic and images of newly formed gephyrin cluster (green 


arrowhead) and spines (red arrowheads). (B) Summary data of photoactivation- 


induced de novo synaptogenesis (young, n = 23 dendrites, 13 cells; GABAzine, 


n = 22 dendrites, 13 cells; old at EP16 to EP18, n = 19 dendrites, 11 cells; spon- 


taneous, n = 13 dendrites, 11 cells). (©) Axons of SOM and de novo gephyrin 


punctum (green arrowhead) and dendritic spine (red arrowhead) imaged at 
1045 nm. (D) Proximity between an axon of SOM and a new gephyrin cluster 
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(E) Experimental schematic and images of dendrites in noninfected and 
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at the target location but not at a neighboring 
control location (Fig. 3, A to D, and fig. S12). These 
data imply that functional GABAARs are rapidly 
recruited to newly formed gephyrin clusters (Fig. 3, 
E and F). We also found that newly formed 
dendritic spines became functional, as indicated 
by glutamate uncaging-evoked AMPA receptor 
(AMPAR)-mediated excitatory postsynaptic cur- 
rents (UEPSCs) (Fig. 3, G and H). Thus, newly 
formed gephyrin clusters and dendritic spines 
gain functions by recruiting functional receptors. 

To determine whether endogenous GABAergic 
synaptic activity also promotes both inhibitory 
and excitatory synaptogenesis, we used optoge- 
netics to activate cortical interneurons. We first 
verified the efficacy of viral infection during early 
development (fig. S13 and movies S1 and S82) (27). 
We infected adeno-associated virus (AAV)-dflox. 
hChR2 (H134R)-mCherry after culturing cortical 
slices from somatostatin (SOM)-Cre mice (fig. 
$14); 3 to 5 days after viral infection, we delivered 
three rounds of blue light illumination (fig. $14). 
Photostimulation of ChR2-transfected SOM inter- 
neurons caused rapid formation of new gephyrin 
puncta and dendritic spines in young neurons, 
which was blocked by GABAzine; the same stim- 
ulation did not make induction in old slices (Fig. 4, 
A and B). To examine the proximity between pre- 
synaptic boutons and new gephyrin clusters or 
dendritic spines, we visualized both presynaptic 
SOM and postsynaptic pyramidal neurons (Fig. 
4C) and found that the majority of gephyrin 
puncta and dendritic spines were formed close 
(<2 um) to the axonal boutons of SOM interneur- 
ons (Fig. 4D). Thus, GABA uncaging-induced 
synaptogenesis is triggered by the same mecha- 
nisms as synaptic GABA release under physiolog- 
ical conditions. 

We next abolished GABA release by inject- 
ing AAV-containing tetanus toxin light chain 
(TeTxLC) inverted in a flip-excision (FLEX) cassette 
into EP3 culture from SOM-Cre mice (22). We 
confirmed that TeTxLC on its own prevented 
vesicle release (fig. S15) and did not affect syn- 
apse development (fig. S16). In TeTxLC-expressing 
SOM-Cre slices at EP11 and EP12, we found that 
the gephyrin puncta density in distal apical den- 
drites of layer 2/3 pyramidal neurons was reduced 
(Fig. 4, E and F, and fig. S17); this result implies 
that SOM-positive interneurons target distal apical 
dendrites of pyramidal neurons (23, 24). Spine 
density at apical dendrites was also reduced at 
EP7 (Fig. 4G), making spine numbers closer to 
those at EP3 or EP4 (fig. S18). Consistent with 
structural changes, TeTxLC expression reduced 
the frequency of both miniature IPSCs (mIPSCs) 
and miniature EPSCs (mEPSCs) in slices (Fig. 4, 
H and I) and in vivo (fig. S19). Thus, we suggest 
that early-developing GABAergic inputs from 
cortical interneurons control both inhibitory and 
excitatory circuitry during cortical development. 

Our findings suggest that GABA sets the bal- 
ance between inhibitory and excitatory synapses 
in early postnatal stages, laying the foundation 
for later circuit development (6, 25-27). Because 
the developing dendrites in our study did not 
have predetermined spots for inhibitory or excit- 
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atory synapses, localization of axonal boutons 
may be an early step in the precise formation of 
inhibitory and excitatory circuits (9, 28, 29). 
Thus, early-depolarizing GABA action appears 
to promote local synaptogenesis and shapes cor- 
tical circuitry during brain development. 
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ION CHANNELS 


Instantaneous ion configurations in 
the K" ion channel selectivity filter 
revealed by 2D IR spectroscopy 


Huong T. Kratochvil,’ Joshua K. Carr,’ Kimberly Matulef,” Alvin W. Annen,” Hui Li,” 
Michal Maj,’ Jared Ostmeyer,? Arnaldo L. Serrano,’ H. Raghuraman,?* 
Sean D. Moran,"} J. L. Skinner,’ Eduardo Perozo,*+ Benoit Roux,*+ 


Francis I. Valiyaveetil,”+ Martin T. Zanni’+ 


Potassium channels are responsible for the selective permeation of K* ions across cell 
membranes. K* ions permeate in single file through the selectivity filter, a narrow pore 
lined by backbone carbonyls that compose four K* binding sites. Here, we report on the 
two-dimensional infrared (2D IR) spectra of a semisynthetic KcsA channel with site- 
specific heavy (7°C180) isotope labels in the selectivity filter. The ultrafast time resolution 
of 2D IR spectroscopy provides an instantaneous snapshot of the multi-ion configurations 
and structural distributions that occur spontaneously in the filter. Two elongated features 
are resolved, revealing the statistical weighting of two structural conformations. The 
spectra are reproduced by molecular dynamics simulations of structures with water 
separating two K* ions in the binding sites, ruling out configurations with ions occupying 


adjacent sites. 


on channels that mediate the flux of K* are 
responsible for determining the resting mem- 
brane potential and for the repolarization 
phase of action potentials of excitable cells 
(1). Ion permeation through all K* channels 


is characterized by high selectivity and through- 
put approaching the diffusion limit. These per- 
meation properties are defined by the selectivity 
filter, a highly conserved structural element con- 
sisting of four K* binding sites (S1 to $4, labeled 
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extracellular to intracellular) (Fig. 1B). During 
translocation, K* coordination is carried out by 
main-chain carbonyl oxygens (plus a threonine 
side chain in S4) (2, 3). 

The mechanism of ion permeation through 
the selectivity filter has been investigated using 
diverse experimental techniques such as radio- 
tracer flux assays, single-channel electrophysio- 
logical measurements, x-ray crystallography, and 
computational studies (3-17). These experiments 
are broadly supportive of a mechanism commonly 
referred to as “knock-on” permeation (4). This 
mechanism posits that the narrow selectivity 
filter is simultaneously occupied by two K* ions 
in single file, either at sites S1 and S3 or at sites 
82 and S4, with intervening water molecules 
(Fig. 1, C and D) (9-13). The approach of a third 
K" ion from the intracellular side of the channel 
would advance the single file of alternating ions 
and water to the extracellular side, resulting in 
the net translocation of one K* ion and one 
water molecule across the membrane. However, 
the experimental data are not sufficiently con- 
clusive to rule out alternative models for the 
permeation mechanism (J4-16). Of these, a re- 
cently proposed “hard-knock” permeation model 
suggests a very different mechanism. It postu- 
lates that the conductance of K* channels arises 
from direct, short-range ion-ion collisions inside 
the filter, so that a pair of adjacent K* ions occupy 
the selectivity filter at adjacent sites S2 and S3 
with no intervening water molecules [0, S2, S3, 0] 
(17). In this model, permeation would take place 
when a third K* ion enters the S4 binding site [0, 
$2, S3, S4], colliding directly with the S2/S3 ion 
pair to create the ion configuration [S1, S2, 0, $4]. 
Eventually, S1 would leave the filter and the K* at 
S4: transitions to S3, starting over again (17). Here, 
we have used two-dimensional infrared (2D IR) 
spectroscopy and protein semisynthesis to test 
these permeation models, providing new exper- 
imental data on the ion and water configurations 
in the selectivity filter of the KcsA channel. 

Atomic bond vibrations are sensitive to their 
electrostatic environment, so the frequencies are 
dictated by nearby ions and water as well as the 
structure and dynamics of the protein itself (18). 
The inherent time resolution of 2D IR spectros- 
copy is a few picoseconds, which implies that a 
2D IR spectrum provides a nearly instantaneous 
snapshot of the dynamic channel and the con- 
tent of the pore (19). In essence, it is a weighted 
average of the ion configurations and protein 
structural distributions (20). For the 2D IR 
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experiments, we used protein semisynthesis to 
selectively isotope-label the ion-binding sites in 
the selectivity filter. Using the native chemical 
ligation reaction, we assembled the KcsA pro- 
tein from a synthetic peptide (residues 70 to 
81) that encompasses the selectivity filter and 
two recombinant peptides corresponding to 
the rest of the protein. (2/7, 22). We introduced 
8¢18O labels on the backbone carbonyls of Val”, 
Gly”, and Gly” by using the appropriately labeled 
residues during synthesis of the peptide fragment 


(Fig. 1B). The C'°O labels cause a 65 cm”! shift 
of the carbonyl frequency (amide I vibrations) 
(23), enabling us to spectroscopically isolate and 
probe the selectivity filter. Gly” and Val” probe 
the S1, S2, and S3 binding sites. These are good 
sites for labeling because these sites have differ- 
ent ion occupancies according to the two models. 
Labeling Gly” and Val’ together makes the 
spectra particularly sensitive to ion configura- 
tions because of vibrational coupling between 
these two residues (24). 


; 


[W, S2, W, $4] 


[S1, W, S3, W] 


7 


Cc r D 


ae _. 
stot [er 
; 


[0, S2, S3, 0] [S1, S2, 0, S4] 


WE 


Fig. 1. Overview of ion permeation mechanisms of KesA. (A) X-ray crystal structure of KcsA (PDB ID 
1K4C), with two of the four protein subunits shown. (B) The selectivity filter of KcsA is lined with the 
carbonyl groups (oxygen in red) of four amino acids (Thr”, Val”, Gly’”, and Tyr7®). Amino acids that were 
18¢180 isotope labeled for the experiment are shown bolded (Val’®, Gly””, and Gly’2). The binding sites (S1 
to S4) span the selectivity filter. (©) Knock-on mechanism for potassium ion permeation through the 
channel. In this mechanism, K* ions (purple) alternate with water molecules (red) and collectively move 
through the filter when a new K* enters the filter. (D) The two most prominent ion-binding configurations 
for the knock-on mechanism used to simulate the 2D IR spectra: (left) [S1, W, S3, W] and (right) [W, S2, 
W, S4]. (E) The hard-knock model for ion conduction. When a K* ion enters the S4 binding site, strong 
electrostatic repulsions simultaneously translocate two ions upward. No water is involved in this mechanism. 
(F) The two ion configurations used to simulate the 2D IR spectra: (left) [0, S2, S3, O] and (right) [S1, S2, 0, 
$4]. Simulations for 97% of the ion configurations proposed by the hard-knock mechanism are shown 
in fig. S7. Single-letter abbreviations for the amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, 
Glu; F, Phe; G, Gly; H, His; I, lle; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val: 
W, Trp; and Y, Tyr. 
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Fig. 2. Experimental 2D IR spectra of unlabeled and °C180-labeled KcsA 
at high potassium concentrations. (A) Pulse sequence for 2D IR spectrum 
with illustrated vibrational coherences (blue). Fourier transform of the co- 
herence during tprobe to give the @probe axis, while the time between the pump 
pulses, tpump, is computationally Fourier transformed to give the pump axis. 
(B) 2D IR spectrum of unlabeled KcsA showing the absorption of side chains 
in the region where the isotope-labeled features are expected to appear. (C) 2D IR 
spectrum of labeled KcsA shows a 50% increase in intensity in this region, 
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Fig. 3. Calculated 2D IR spectra to test proposed ion configurations of 
the KcsA selectivity filter. The calculated 2D IR spectra for the (A) [W, S2, 
W, $4], (B) [S1, W, S3, W], (C) [S1, W, S3, W] with a single Val’° flip, (D) [0, S2, 
$3, 0], and (E) [S1, S2, 0, $4] K* binding configurations of the labeled KcsA 
filter from MD simulations using a K* charge profile described in (35). In (A), we 
have the spectrum for the [W, S2, W, S4] ion-binding configuration in which 
all of the Val’ residues point into the filter. In this case, we observe peaks at 
(@pump: ®probe) = (1608 cm™, 1612 cm). (B) For the [$1, W, $3, W] configuration, 


oo Ratio: 1.25+0.02 
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consistent with absorption by the '°C!®0 labeled residues. (D) Subtraction of 
the unlabeled spectrum from the labeled spectrum yields two pairs of peaks. 
The bleaches (blue) appear at (pump; Mprobe) = (1603 cm™, 1609 cm”) and 
(1580 cm“, 1582 cm), respectively. (E) For every unique combination of dif- 
ference spectra, the intensities of the 3 by 3 pixel array centered at the pixels 
for (@pump: @probe) = (1603 cm™, 1609 cm) (peak 1) and (1580 cm™, 1582 cm™) 
(peak 2) were integrated, respectively. The slope of the fit yielded an intensity 
ratio of 1.25 + 0.02, with an R-square of 0.95. 


Cc 
[S1, W, S3, W] 
e 
° 
e 
\ ° 
1580 1600 1620 
Or robe (cm ) 
E _ 1620 
([S1, S2, 0, S4] + 
° © 1600 
> 3 1580 


1600 1 
® probe (cm- ) 


1580 1620 


we see a similar spectrum with (pump: @probe) = (1600 cm”, 1604 cm”). (C) For 
the [S1, W, S3, W] ion configuration of the Val’°-flipped state, we get a pair of 
inhomogeneous peaks at (@pump, Mprobe) = (1583 em”, 1587 cm”). (D) and (E) 
are the calculated 2D IR spectra of the [0, S2, S3, O] and [S1, S2, 0, S4] binding 
configurations, respectively. In (E), we observe a single homogeneous peak 
at (@pump: probe) = (1587 cm, 1591 cm”), which is similar to the homogeneous 
peak we observe in (F) at (pump, @probe) = (1585 cm”, 1589 cm”). The spectra 
have been normalized for, visualization purposes. 


Shown in Fig. 2C is the 2D IR spectrum of 
labeled KcsA. This spectrum was collected using 
the pulse sequence shown in Fig. 2A. This ap- 
proach is analogous to that used in 2D nuclear 
magnetic resonance spectroscopy, but probing 
vibrational modes. This pulse sequence produces 
an infrared signal that oscillates as a function 
of the time delay between the pump pulses 
and after the probe pulse, respectively. The sig- 
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nal is Fourier transformed along these two time 
axes to give a 2D IR spectrum that correlates 
the two frequency axes. The spectrum in Fig. 2C 
is shown in the region that the ’C'80-labeled 
carbonyls absorb [full spectra are shown in 
the supplementary materials (SM)]. Acidic side 
chains also absorb in this region, creating a 
background (25, 26). To remove the background, 
we also measured a KcsA sample without isotope 


labels under identical conditions. The intensity 
of the unlabeled KcsA spectrum is about 50% 
lower in this region, which is approximately what 
we would expect based on the ratio of labels to 
acidic side chains. 

Figure 2D shows the difference spectrum 
generated by subtracting Fig. 2, B and C. It 
contains two pairs of oppositely signed peaks, 
with blue, negative peaks corresponding to the 
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Fig. 4. Comparison of 2D IR experimental spectrum to the simulated spectra of the knock-on 
models (with and without water) and the hard-knock model. (A) Experimental difference spectrum 
shown in Fig. 2C. (B) Simulated 2D IR spectrum for the knock-on model with water generated by a 
weighted average of the [W, S2, W, S4], [S1, W, $3, W], and Val’° flipped [S1, W, $3, W] ion configurations 
in a ratio of 0.3:0.3:0.4, respectively. The simulated spectrum agrees well with peak positions, 2D line- 
shapes, and intensity ratio. (©) Simulated 2D IR spectrum for the hard-knock model from a weighted 
average of [0, S2, S3, 0] and [S1, S2, 0, S4], along with other hard-knock states (see SM). (D) Simulated 
2D IR spectrum of the knock-on model with water removed with the same ratios of states used to match 
experiment (Fig. 4B). No linear combination of these states without water (see fig. S14) reproduces the 
experimental spectrum. Therefore, water must be present within the filter. (E to H) Zoom-ins of the high- 
frequency peak of each spectra. The nodal line slopes are illustrated by red lines with values of the inverse 


slope (I.S.). 


0—1 vibrational transition and red, positive peaks 
corresponding to the 1—2 vibrational transition. 
For each isotope label, our pulse sequence will 
create a pair of oppositely signed peaks, with 
the negative peak on the diagonal. Thus, the 
difference spectrum resolves two vibrational fea- 
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tures, which we refer to by their frequencies 
along the y axis, pump = 1603 cm™ and 1580 
cm!. The frequencies reflect the magnitude of 
the electric fields inside the filter as well as the 
coupling between residues set by the backbone 
structure (27, 28). The two pairs of peaks have 


very different frequencies, with a peak separa- 
tion of 23 cm” along @pump, indicating that 
there is either a single protein structure or ion 
configuration that has distinct electrostatics at 
the separate binding sites or a weighted average 
of two conformations with very different electro- 
statics. A statistical analysis is presented in the 
SM that addresses reproducibility and statistical 
significance. A portion of this analysis is shown 
in Fig. 2E, which plots the intensity of the 1603 
and 1580 cm peaks for every combination of 
foreground and background spectra that we col- 
lected. If the experimental peaks were not re- 
producible, then this plot would be uncorrelated. 
Instead, a strong correlation is observed with a 
slope of 1.25 + 0.02, which equals the relative 
intensities of the two peaks. As we show below, 
the relative intensity gives the statistical weighting 
of ion channel structures. 

To determine whether these experimental fea- 
tures can be explained by either of the two per- 
meation models described above, we conducted 
molecular dynamics (MD) simulations and com- 
puted 2D IR spectra for all relevant ion config- 
urations (see SM for methods). Shown in Fig. 3, A 
and B, are 2D IR spectra calculated for each of 
the two multi-ion configurations predicted to oc- 
cur during ion conduction according to the knock- 
on model, [W, S2, W, S4] and [S1, W, S3, W]. The 
spectrum of the [W, S2, W, S4] ion configuration 
has an intense pair of peaks at 1608 cm. A similar 
spectrum is predicted for the [S1, W, S3, W] ion- 
binding configuration, albeit centered at 1600 cm™. 
Simulations of the individual residues reveal 
that Val”, which is coordinating the S2 K* ion, 
is mostly responsible for the frequency and the 
spectral intensity that we observe in this ion- 
binding configuration (see SM). MD simulations 
also predict that the Val” carbonyl is often flipped 
outward (16, 29), away from the pore (see Fig. 3C) 
when the ions are in the [S1, W, S3, W] config- 
uration. Simulations of that structure predict a 
pair of peaks that are much lower in frequency, 
absorbing at 1583 cm”. The flipped state is not 
predicted to exist for the [W, S2, W, S4] ion con- 
figuration (29). 

Shown in Fig. 3, C and D, are the calculated 
2D IR spectra for two of the ion configurations 
of the new hard-knock model, [0, S2, $3, 0] and 
[S1, $2, 0, S4]. Both ion configurations predict 
nearly the same 2D IR spectrum, with frequen- 
cies of 1587 and 1585 cm™. Ions in the channel 
tend to shift carbonyls to lower frequencies be- 
cause of their charge, which is why this model 
predicts low frequencies for both ion config- 
urations. The hard-knock model also contains 
other ion configurations in its mechanism, whose 
computed spectra are given in the SM (fig. $7). 
The predicted spectra for the ion configuration 
corresponding to the knock-on and the hard- 
knock models are very different from one another 
in both peak frequency and 2D lineshape. 

For comparison to experiment, the simulated 
spectra of the structures in the knock-on model 
(LW, S2, W, S4]:[S1, W, S3, W]:flipped[S1, W, S3, 
W)) were added at a ratio of 0.3:0.3:0.4 to match 
the relative intensities in the experimental spectra 
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(the experimental peaks have a ratio of 1.25 + 
0.02, from Fig. 2E). The agreement between the 
knock-on model and experiment is good (Fig. 4B 
versus 4A), especially considering that the only 
adjustable parameters in these calculations are 
the relative ratios. We also added together the 
2D spectra for 97% of the ion configurations 
predicted from the hard-knock model (Fig. 3, 
D and E, and fig. $7), which gives the spectrum 
in Fig. 4C (17). The agreement to experiment is 
poor; the simulations only predict one set of 
peaks instead of two. There is no linear com- 
bination of hard-knock ion configurations or 
structures that can match the experiment. We 
have also explored whether the ion configura- 
tions of the hard-knock model occur, albeit less 
frequently, along with the configurations for the 
knock-on states. To do so, we added the spectra 
of the hard-knock configurations to the knock-on 
states (fig. S12). We estimate that there cannot be 
more than 15% of the states in the hard-knock 
configuration, because increasing the population 
beyond this limitation decreases the frequency 
separation and changes the 2D lineshapes of the 
peaks. Therefore, our data are consistent with 
ion distributions in the filter predicted by the 
classic knock-on model but not the hard-knock 
model proposed more recently. 

An analysis of the 2D lineshapes corroborates 
our conclusions and provides additional insights. 
The calculated 2D lineshapes are elongated for 
the knock-on model and rounder for the hard- 
knock model (Fig. 4, B and D, respectively). Two- 
dimensional lineshapes are elongated along the 
diagonal when there is a heterogeneous subset 
of frequencies—and, accordingly, structures—each 
with its own set of electric fields. In essence, the 
2D lineshapes measure the structural distribu- 
tion of the selectivity filter for each ion con- 
figuration (30). Shown in Fig. 4, E to H (red 
lines), are nodal line slopes that quantify the 
inhomogeneity of the 2D lineshapes. The ex- 
periment and simulations of the knock-on model 
both have inverse slopes of about 0.6, whereas 
the hard-knock model has an inverse slope of 
about 0.3 (see table S3). To test the effect of 
water on the knock-on spectra, we reran the 
molecular dynamics simulations without water 
in the selectivity filter (Fig. 4D). The simulations 
predict that the high-frequency peak bifurcates 
because the [0, S2, 0, S4] ion-binding con- 
figuration blueshifts 4 cm“ (see fig. S13), and 
the inverse slope is too small. There are no linear 
combinations of the knock-on states without wa- 
ter that can reproduce the experimental spectrum 
in Fig. 4B. Thus, water must be present in the 
channel to reproduce the experimental 2D line- 
shape. It follows that during ion conduction, 
one water molecule is transported for each K* 
ion, in accord with streaming potential (9, 12, 13). 

Analyzing the angles of the isotope-labeled 
carbonyls inside the selectivity filter, we found 
that removing the water from the knock-on 
model reduces the angular distribution by as 
much as 36% (see fig. S11). The hard-knock mod- 
el, which also lacks water, has a similarly narrow 
angular distribution. Without the water, the high 
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positive charge inside the filter causes a more rig- 
id protein conformation and less dynamic K* ions, 
similar to experiments on K* binding to model 
peptides (24). 

Because the temporal resolution of 2D IR spec- 
troscopy is orders of magnitude shorter than the 
time scales for ion permeation, we can determine 
from the 2D IR spectra the relative populations of 
each of these ion-binding states. The experimen- 
tal peaks have a ratio of 1.25 + 0.02 from Fig. 2E. 
It follows that the relative equilibrium population 
of the [W, S2, W, S41, [S1, W, S3, W], and Val’®- 
flipped [S1, W, S3, W] ion configurations required 
to account for differences in lineshape and tran- 
sition dipole strengths can be determined to be 
30%, 30%, and 40%, respectively. The [W, S2, W, 
S4] and [S1, W, S3, W] ion configurations are 
equally populated, to within 5% of each other, 
which is in agreement with the ratio of states 
found in x-ray diffraction studies (6, 9). Thus, 
the Val’°-flipped [S1, W, $3, W] ion configuration 
accounts for roughly 40% of the states at equil- 
ibrium. This flipped state has been reported in 
MD simulations (29) but has not been observed 
with x-ray crystallography. 

The ultrafast time resolution of 2D IR spectros- 
copy provides an opportunity to test short-lived 
configurations extracted from MD simulations. 
Because the 2D IR time resolution of 1 to 2 ps is 
faster than almost all protein dynamics, the spec- 
trum reports on the instantaneous distribution of 
ions, water, and protein structures. As a result, 2D 
IR spectroscopy provides a means to test protein 
conformations observed in crystal structures and 
to empirically refine simulations to effectively 
reweight configurations. Energy differences on 
the order of kgT (kgT = 0.593 kcal mol ™ at 298 K) 
are below the accuracy of current force fields (31), 
so simulations generated from different force 
fields could lead to different conclusions (37). 
Rather than test individual hypotheses, one 
might also simulate 2D IR spectra generated from 
Markov state models to analyze entire trajectories 
(32, 33). Essential for this study was the ability to 
selectively introduce “C'SO isotope labels into 
the ion-binding sites in the filter. Advances in the 
semisynthesis methodology or, alternatively, the 
use of nonsense suppression approaches have 
widely expanded the range of membrane pro- 
teins that can be selectively labeled and therefore 
investigated using 2D IR spectroscopy (34). We 
anticipate that the combination of these new 
labeling methods, molecular dynamics, and 2D 
IR spectroscopy will be an important addition to 
the tool kit presently used to investigate the 
functional mechanisms that operate in mem- 
brane proteins. 
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Antibody-mediated protection against 
SHIV challenge includes systemic 
clearance of distal virus 
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HIV-1-specific broadly neutralizing antibodies (bNAbs) can protect rhesus monkeys against 
simian-human immunodeficiency virus (SHIV) challenge. However, the site of antibody 
interception of virus and the mechanism of antibody-mediated protection remain unclear. We 
administered a fully protective dose of the bNAb PGT121 to rhesus monkeys and challenged 
them intravaginally with SHIV-SF162P3. In PGT121-treated animals, we detected low levels of 
viral RNA and viral DNA in distal tissues for seven days following challenge. Viral RNA—positive 
tissues showed transcriptomic changes indicative of innate immune activation, and cells from 


these tissues initiated infection after adoptive transfer into naive hosts. These data 
demonstrate that bNAb-mediated protection against a mucosal virus challenge can involve 


clearance of infectious virus in distal tissues. 


ultiple broadly neutralizing antibodies 

(bNAbs) targeting HIV-1 envelope (Env) 

have demonstrated complete protection 

against simian-human immunodeficiency 

virus (SHIV) challenges in rhesus mon- 
keys (1-6) and are currently being evaluated as a 
strategy to prevent HIV-1 acquisition in humans. 
However, the anatomic sites and mechanisms 
of antibody-mediated protection have not been 
fully elucidated. In particular, it remains un- 
clear whether bNAbs completely block virus 
at the local portal of entry after mucosal virus 
challenge. To address this question, we performed 
comprehensive necropsies following intravagi- 
nal SHIV-SF162P3 challenge of rhesus monkeys 
that received a fully protective dose of the potent 
V3 glycan-dependent bNAb, PGT121 (7). 

We verified the protective efficacy of PGT121 
against intravaginal challenge with SHIV-SF162P3 
(8-10) in a preliminary study in 12 female rhesus 
monkeys (Macaca mulatta). Consistent with pre- 
viously published data (7), an intravenous infusion 
of 2 mg PGT121 per kilogram of body weight 
(mg/kg) afforded complete protection against 
intravaginal challenge with 5 x 10* median tissue 
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culture infectious dose (TCIDs9) SHIV-SF162P3, 
as evidenced by no detectable plasma viral RNA 
for more than 6 months following challenge (fig. 
$1). To evaluate the mechanism of this observed 
protection, 24 female rhesus monkeys received 
2 mg/kg PGT121 (N = 12) or an isotype-matched 
sham control antibody (N = 12) by the intra- 
venous route on day -1 and were challenged in- 
travaginally with 5 x 10* TCIDs,9 SHIV-SF162P3 
on day 0. Serum PGT121 levels were 20 to 50 ug/ml 
on the day of challenge in all animals. We per- 
formed serial necropsies on day 1 (N = 4), day 3 
(N = 4), day 7 (N = 10), and day 10 (N = 6) fol- 
lowing challenge for comprehensive assessments 
of virologic, immunologic, and transcriptomic 
profiles in multiple tissues in each animal (77). 

Tissue viral RNA levels were quantified by an 
ultrasensitive nested reverse transcription poly- 
merase chain reaction assay (12), which assessed 
30 independent tissues from each animal from 
the female reproductive tract, draining lymph 
nodes, gastrointestinal tract, distal lymph nodes, 
tonsil, spleen, bone marrow, thymus, lung, liver, 
and central nervous system. In 75% (three out of 
four) of PGT121-treated animals on day 1 and day 
3 following SHIV challenge, we observed low 
levels of viral RNA in at least one tissue distal to 
the female reproductive tract, primarily in drain- 
ing lymph nodes and gastrointestinal tissue (Fig. 
1A). Viral RNA was observed more frequently in 
PGT121-treated animals than in sham controls at 
these time points (P = 0.02, two-sided Fisher’s 
exact test) (Fig. 1A); this observation suggested 
that the antibody may have facilitated transloca- 
tion of virus across the mucosal barrier. On day 7, 
viral RNA distal to the female reproductive tract 
was still detected sporadically in 75% (three out of 


four) of PGT121-treated animals but was not de- 
tected in plasma. Viral RNA was detected far 
more extensively in sham controls than in PGT121- 
treated animals on day 7 (P = 0.01) (Fig. 1B). On day 
10, viral RNA was not detected in any PGT121- 
treated animals at distal sites but was present at 
high levels in all tissues in the sham controls (P = 
0.01), as expected (13-15) (Fig. 1C). 

Viral DNA was also observed sporadically and 
at a declining frequency in PGT121-treated ani- 
mals on days 1, 3, and 7 after challenge (Fig. 2, A 
to C). In contrast, viral DNA was detected at in- 
creasing magnitude and frequency over time in 
the sham controls, as expected. Taken together, 
these data show that low but declining levels of 
viral RNA and viral DNA were detectable in dis- 
tal tissues in PGT121-treated animals for ~7 days 
following SHIV-SF162P3 challenge but were un- 
detectable by day 10 (Figs. 1 and 2 and fig. S2). 

In our SHIV-SF162P3 challenge stock, the level 
of viral gag RNA (7.5 x 10° copies/ml) was ~3 logs 
as great as the corresponding level of viral gag 
DNA (7.9 x 10° copies/ml) (Fig. 2D). In the four 
animals that exhibited viral DNA in distal tissues 
on days 1 to 7 (BD66, CP20, E41, and 6345), the 
median level of viral RNA (6.9 x 10? copies/10° 
cell equivalents) was similarly ~3 logs as high as 
the median level of viral DNA (<10 copies/10° 
cell equivalents) at the site of inoculation in the 
female reproductive tract, consistent with the 
notion that this virus largely represented the in- 
put challenge stock. In contrast, in distal tissues, 
the median level of viral RNA (4.0 x 10° copies/10* 
cell equivalents) was slightly lower than the me- 
dian level of viral DNA (2.2 x 10” copies/10° cell 
equivalents) (Fig. 2D). Moreover, in the day 1 genital- 
pelvic lymph node from monkey BD66, viral RNA 
and viral DNA were detected in purified (>99%) 
CD4* T lymphocytes (Fig. 2E). These data sug- 
gest that the viral DNA detected in distal tissues 
reflected a limited degree of new virus replication 
at the distal sites. 

We next assessed Gag-specific CD8* and CD4* 
T lymphocyte responses in multiple tissues from 
each animal by multiparameter intracellular 
cytokine staining assays (16, 17). CD8* T lympho- 
cyte responses were not detected in any tissue at 
any time point in the PGT121-treated animals, 
but these responses were observed in the female 
genital tract in all sham controls on day 7 and 
day 10 (figs. S3 to S5). The lack of detectable T 
lymphocyte responses in the PGT121-treated ani- 
mals indicates insufficient antigen exposure to 
induce measurable cellular immune responses and 
suggests that virus-specific T cell responses were 
likely not responsible for the clearance of virus in 
distal tissues at these early time points. 

We next evaluated gene expression profiles in 
multiple tissues in each animal at necropsy (11, 18). 
A multidimensional scaling plot revealed differ- 
ences between PGT121-treated animals and con- 
trols for all tissues analyzed (fig. S6). We compared 
transcriptomic profiles in viral RNA-positive com- 
pared with viral RNA-negative tissues in the 
PGT121-treated animals. Inflammasome-related 
genes [P = 0.00013; the NLR domain, pyrin domain 
containing 3 (NLRP3), Toll-like receptor genes], 
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Fig. 1. Viral RNA in tissues following SHIV-SF162P3 challenge. Tissue viral 
RNA (log RNA copies/10° cell equivalents) across multiple tissues at necropsy in 
PGT121-treated animals and sham controls on (A) day 1 (AY56, AY96, BD66, and 
BE34) and day 3 (BB60, BB90, CP20, and E41), (B) day 7, and (C) day 10 following 
SHIV-SF162P3 challenge. Colors on each plot reflect individual animals (see keys). 
Values plotted below the horizontal line indicate samples for which viral RNA was 


not measured above the threshold of detection. Values to the right of the vertical 
line reflect samples distal to the female reproductive tract. Red arrows highlight 
viral RNA-positive distal tissues in the PGT121-treated animals. P values reflect 
Fisher's exact tests. Data are presented based on calculations normalized as log 
viral RNA copies/10® diploid genome equivalents of DNA; for this study, the 
majority of the specimens analyzed contained 10° to 107 cell equivalents. 


and interferon-stimulated genes [P = 0.000046; 
IFITM2, interleukin 8 (IL8), SIOOA8] were up- 
regulated specifically in viral RNA-positive local 
and distal tissues from animals that received 
PGT121 (Fig. 3A and fig. S7). Pathway analysis 
(19) confirmed up-regulation of several path- 
ways associated with host response to viruses 
(interferon-a and interferon-B) and cellular acti- 
vation (hypoxia, tumor necrosis factor signaling 
via nuclear factor kB, and Janus kinase signal 
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transducers and activators of transcription sig- 
naling) in these tissues (fig. S8). Moreover, a 
linear regression analysis revealed a transcrip- 
tomic signature that correlated with viral RNA 
levels in PGT121-treated animals necropsied on 
days 1, 3, and 7 (P = 0.00029) (Fig. 3B). Network 
inference analysis (20, 21) revealed that this sig- 
nature involved activation of innate immunity 
and antiviral pathways, including type 1 interferon 
signaling [false discovery rate (FDR) =1.64 x 10-*°], 


host response to viral infection (FDR = 2.85 x 
10~°°), regulation of viral replication (FDR = 
2.49 x 10”), and response to interferon-y (FDR = 
1.91 x 10°") (Fig. 3C and fig. S9). 

We also observed an increase in the number 
of differentially expressed total and interferon- 
stimulated genes over the first 7 days in viral 
RNA-positive tissues from PGT121-treated ani- 
mals (fig. S10). By day 7, up-regulation of classic 
antiviral restriction factors such as IRF7, TRIM5, 
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Fig. 2. Viral DNA in tissues following SHIV-SF162P3 challenge. Tissue viral 
DNA (log DNA copies/10® cell equivalents) across multiple tissues at necropsy in 
PGT121-treated animals and sham controls on (A) days 1 and 3, (B) day 7, and 
(C) day 10 following SHIV-SF162P3 challenge. Colors on each plot refer to indi- 
vidual animals (see keys). Values plotted below the horizontal line indicate samples 
for which viral DNA was not measured above the threshold of detection. Values to 
the right of the vertical line indicate samples distal to the female reproductive tract. 
Red arrows highlight viral DNA—positive distal tissues in the PGT121-treated animals. 
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Data are presented based on calculations normalized as log viral DNA copies/10° 
diploid genome equivalents of DNA; for this study, the majority of the specimens 
analyzed contained 10° to 10’ cell equivalents. (D) Viral RNA and viral DNA in the 
SHIV-SF162P3 stock (left) and in female reproductive tract (FRT) and distal tis- 
sues in the four animals that were viral DNA-positive on days 1 to 7 (BD66, CP20, E41, 
and 6345) (right). Median, red line. (E) Viral RNA and viral DNA in total cells (circles) 
and in purified CD4* T lymphocytes (triangles) from BD66 genital-pelvic lymph 
node on day 1. Data are based on analysis of 2.7 x 10® purified CD4* T lymphocytes. 
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Fig. 3. Transcriptomic 
signature in viral 
RNA- positive tissues 
from PGT121-treated 
animals. (A) Heat maps 
reveal inflammasome 
and interferon- 
stimulated gene (ISG) 
signatures in viral RNA- 
positive compared with 
viral RNA-negative 
local and distal tissues 
from PGT121-treated 
tissues on day 

1 following SHIV- 
SF162P3 challenge. 
Gene expression is 
represented by stand- 
ardized expression 
(Z-score) with P < 0.05. 
Red and blue corre- 
spond to up-regulated 
and down-regulated 
genes, respectively. 

P values represent the 
significance of the two 
clusters using Fisher's 
exact tests. From two 
monkeys (BD66 and 
BE34), 29 samples are 
represented; they 
reflect 10 viral RNA- 
positive samples and 
19 viral RNA-negative 
samples. (B) Linear 
regression analysis of 
viral RNA as a continu- 
ous variable and gene 
expression (Linear 
Models for Microarray 
Data t test with 

P< 0.05) in viral 
RNA-positive tissues 
from PGT121-treated 
animals reveals a tran- 
scriptomic signature 
that correlates with 
levels of viral RNA. Heat 
map represents the top 
positively correlated 
genes that were part of 
the full regression 
signature. From four 
monkeys, 26 samples 
were included in this 
analysis, reflecting 

10 samples from day 1, 
2 samples from day 3, 
and 14 samples from 
day 7. (C) Network of 
genes that positively 
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correlated with levels of viral RNA in tissues from PGT121-treated animals. Nodes represent genes and purple lines represent coexpression between genes. 


APOBEC, and IFITM was evident in these tissues, 
suggesting an evolving antiviral innate response. 
The late expression of these antiviral restriction 
factors is consistent with our previous findings in 
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simian immunodeficiency virus SIVmac251 infec- 
tion (11). The up-regulated genes in viral RNA- 
positive tissues from PGT121-treated animals 
also partially overlapped with a previously de- 


fined transcriptomic signature for viral replica- 
tion (22) (fig. S11). 

To investigate whether the low levels of de- 
tectable virus in distal tissues in PGT121-treated 
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Fig. 4. Adoptive transfer studies. Adoptive transfer 
of 30 million cells into naive hosts by the intravenous 
route from tissues from BD66 (genital-pelvic lymph 
node from day 1), CP20 (ileocecal lymph node from 
day 3), and 6345 (spleen from day 7). Plasma viral 
RNA copies/ml are shown following adoptive transfer. 


animals were infectious, we adoptively transfer- 
red 30 million cells from the following animals 
and tissues into naive hosts by the intravenous 
route: BD66 (genital-pelvic lymph node; day 1), 
CP20 (ileocecal lymph node; day 3), and 6345 
(spleen; day 7). Tissues from BD66 and 6345 
were positive for both viral RNA and viral DNA, 
whereas tissues from CP20 were negative for 
viral RNA but positive for viral DNA. Adoptive 
transfer of cells from BD66 and 6345 into naive 
hosts efficiently transferred infection, resulting 
in 5.8 to 7.1 log RNA copies/ml of replicating 
virus by day 7 after adoptive transfer (Fig. 4) and 
demonstrating that the viral RNA and viral DNA 
detected in these samples included replication- 
competent infectious virus when removed from 
the host milieu of antibody and innate factors. 
Cells from CP20 did not detectably transfer in- 
fection; this suggests that the amount of virus 
in this sample was too low or that the viral DNA 
in this sample was defective and noninfectious. 
In summary, we detected low levels of viral 
RNA and/or viral DNA in at least one tissue 
distal to the female reproductive tract in 87.5% 
(seven of eight) of monkeys on days 1, 3, and 7 
following intravaginal SHIV-SF162P3 challenge, 
despite receiving a fully protective dose of PGT121 
(fig. S12). Virus in distal tissues triggered tran- 
scriptomic responses involving activation of in- 
nate immunity and antiviral pathways, and a 
subset of these samples proved infectious after 
adoptive transfer into naive hosts. These data 
demonstrate that PGT121 did not completely 
block the challenge virus at the mucosal portal 
of entry. Instead, some virions appeared to tran- 
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sit to distal tissues, where they were progressively 
cleared over a period of ~7 days and potentially 
involved Fc effector mechanisms, such as antibody- 
dependent cellular cytotoxicity. The viral RNA 
to viral DNA ratio at distal sites (Fig. 2D), the 
presence of viral RNA and viral DNA in purified 
CD4"* T lymphocytes (Fig. 2E), and the transcrip- 
tomics signatures (fig. S11) suggested a limited 
degree of new virus replication at distal sites. 

Although our studies were limited to PGT121, 
it is likely that other bNAbs, as well as vaccine- 
elicited antibodies (9), also involve viral clearance 
in distal tissues rather than complete blockade of 
virus at the mucosal surface. These data empha- 
size the potential importance of antibodies to 
clear virally infected cells in tissues to block the 
establishment of chronic infection (9, 23-25). 
These data are also consistent with previous find- 
ings from our laboratory and others that the virus 
can disseminate rapidly and trigger inflamma- 
tory responses in host tissues following mucosal 
challenge (77, 26-28). Moreover, our findings are 
consistent with the observation that bNAbs may 
be able to abort initial infection in infant rhesus 
monkeys when administered therapeutically 
after SHIV challenge (29). The possibility that 
PGT121 may have actually facilitated virus trans- 
location across the mucosal barrier, potentially 
via immune complexes captured on Fc receptor- 
bearing cells, warrants further investigation. 

Our findings have important implications for 
the development of vaccines, passively transfer- 
red antibodies, and other interventions to block 
HIV-1 infection. In particular, our data suggest 
that a systemic component of an antiviral inter- 
vention may be necessary for optimal efficacy to 
clear early foci of disseminated virus in distal 
tissues. It is noteworthy that high concentrations 
of topically applied bNAbs are required to pro- 
tect against mucosal SHIV challenge, whereas 
much lower serum concentrations of intravenous- 
ly administered bNAbs are required for protection 
(30, 31). Our data also show that the initial virus 
that is seeded in distal tissues may still be vul- 
nerable to immune-mediated elimination before 
the establishment of a permanent viral reservoir. 
Further exploitation of this vulnerability may lead 
to improved HIV-1 eradication strategies, as 
well as improved HIV-1 prevention strategies. 
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to develop skills for reviewing grants and papers. The Oct 7 feature 
covers business principles for researchers. Reach Science readers 
and share opportunities at your university. 


What makes Science the best choice for recruiting? 
= Read and respected by 400,000 readers around the globe 


" 62% of our weekly readers work in academia and 65% are Ph.D.s. 
Science connects you with more scientists in academia 


* Your ad dollars support AAAS and its programs, which 
strengthens the global scientific community. 


Why choose these Faculty Features for your advertisement? 


= Relevant ads lead off these career sections with a special 
Faculty banner 


" October 7 issue will be distributed at the American Society 
of Human Genetics meeting, 18-22 October, Vancouver. 


Expand your exposure by posting your print ad online: 
= Link on the job board homepage directly to Faculty jobs 
= Dedicated landing page for faculty positions. 


Science 


* Ads accepted until Sept 9 and Sept 30 if space allows. 


Produced by the until Science/AAAS 
Custom Publishing Office. 


SCIENCECAREERS.ORG 


To book your ad: advertise@sciencecareers.org 
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IMBA - INSTITUTE OF MOLECULAR BIOTECHNOLOGY 


GROUP LEADER POSITIONS IN MOLECULAR, CELLULAR 
AND ORGANISMAL BIOLOGY 


We invite applications for fully funded group leader positions at the 
Institute of Molecular Biotechnology of the Austrian Academy of 
Sciences (IMBA), Vienna. 


The recruitment package includes positions for 2 PhD students, 1 post- 
doctoral researcher and 1 technician with consumables and investment 
budgets. Research groups enjoy free access to scientific core services in- 
cluding a Mouse House, Microscopy & Cytometry, Mass Spectrometry, 
Bioinformatics, and Stem Cell and Genome Engineering Facilities. 


IMBA is one of the world’s leading biomedical research institutes. Together 
with the IMP, GMI and MFPL, IMBA is part of the Vienna Biocenter (VBC) 
with one of the most competitive international PhD programs. The VBC is 
home to 1400 scientists and 700 students from over 40 different countries. 


DR. BOHR-GASSE 3 | 1030 VIENNA, AUSTRIA 
T: +43 179044 | F: +43 179044-110 
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Vienna is a multicultural capital city, consistently ranking amongst the top 
3 cities worldwide for the quality of living. Child care facilities are available 
at the VBC. 


For further information, see: www.imba.oeaw.ac.at. 


Applications should include a CV, a summary of research achievements 
and future research plans, and the contact details for 3 referees. In your 
publication list please explain in a few sentences the relevance of your most 
important work. 


Applications should be submitted electronically to 
Sandra Prassel (sandra.prassel@imba.oeaw.ac.at) by October 15, 2016. 
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Aa of Molecular Biotechnology 
of the Austrian Academy of Sciences 


IMBA - INSTITUTE OF MOLECULAR BIOTECHNOLOGY 


GROUP LEADER POSITIONS IN STEM CELL & DEVELOPMENTAL 
BIOLOGY AND MOLECULAR MEDICINE 


We invite applications for fully funded group leader positions at the 
Institute of Molecular Biotechnology of the Austrian Academy of 
Sciences (IMBA), Vienna. 


The recruitment package includes positions for 2 PhD students, 1 post- 
doctoral researcher and 1 technician with consumables and investment 
budgets. Research groups enjoy free access to scientific core services in- 
cluding a Mouse House, Microscopy & Cytometry, Mass Spectrometry, 
Bioinformatics, and Stem Cell and Genome Engineering Facilities. 


IMBA is one of the world’s leading biomedical research institutes. Together 
with the IMP, GMI and MFPL, IMBA is part of the Vienna Biocenter (VBC) 
with one of the most competitive international PhD programs. The VBC is 
home to 1400 scientists and 700 students from over 40 different countries. 


DR. BOHR-GASSE 3 | 1030 VIENNA, AUSTRIA 
T: +43 179044 | F: +43 179044-110 


Vienna is a multicultural capital city, consistently ranking amongst the top 
3 cities worldwide for the quality of living. Child care facilities are available 
at the VBC. 


For further information, see: www.imba.oeaw.ac.at. 


Applications should include a CV, a summary of research achievements 
and future research plans, and the contact details for 3 referees. In your 
publication list please explain in a few sentences the relevance of your most 
important work. 


Applications should be submitted electronically to 
Sonja Paulick (Sonja.Paulick@imba.oeaw.ac.at) by October 15, 2016. 
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Professor or Assistant 
Professor (Tenure Track) of 
Observational Galactic 
Astrophysics 


> The Department of Physics (www.phys.ethz.ch) 
at ETH Zurich invites applications for this position. 


— Applicants should have already demonstrated 
leadership of research programs on major 
international observing facilities and must pre- 
sent a compelling vision for the future scientific 
exploitation of facilities such as ALMA, JWST and 
the E-ELT. We are particularly interested in the 
general research field of star and planet formati- 
on, but candidates in other related areas of Ga- 
lactic astrophysics are also encouraged to apply. 
The primary consideration in the appointment 
will be demonstrated excellence of achievements 
and outstanding scientific potential for the future. 
Switzerland is a full member of both ESO and ESA 
and has access to all of their facilities. The profes- 
sorship will be provided with sufficient resources 
in order to establish a significant research group. 
The new professor will be expected to teach 
undergraduate level courses in e.g. introductory 
physics (in either German or English) as well as 


graduate level courses in astrophysics [in English). 


— Depending on the experience, the position will 
be filled at assistant professor (tenure track] or 
full professor level. Assistant professorships have 
been established to promote the careers of youn- 
ger scientists. ETH Zurich implements a tenure 
track system equivalent to other international top 
universities. 


— Please apply online at 
www. facultyaffairs.ethz.ch 


— Applications should include a curriculum 
vitae, a list of publications, a statement of future 
research and teaching interests, and three of 
your most important achievements. The letter of 
application should be addressed to the President 
of ETH Zurich, Prof. Dr. Lino Guzzella. The closing 
date for applications is 31 October 2016. 

ETH Zurich is an equal opportunity and family 
friendly employer and is further responsive to the 
needs of dual career couples. Women are specifi- 
cally encouraged to apply. 


UTSouthwestern 


Medical Center 


TENURE-TRACK POSITIONS 


The Department of Physiology invites outstanding scientists with Ph.D., 
M.D., or equivalent degrees to apply for tenure-track faculty positions at 
the level of Assistant or Associate Professor. Candidates who use innovative 
optical, mechanical, electrical, molecular biological or computational 
methods with important applications to physiological systems, ranging 
from individual genes and proteins to cells and organs are encouraged to 
apply. The scientific excellence of the candidates is more important than 
the specific area of research. 


These positions are part of the continuing growth of the Department at 
one of the country’s leading academic medical centers. They will be 
supported by significant laboratory space, competitive salaries, state-of- 


the-art core facilities and exceptional start up packages. The University 
of Texas Southwestern Medical Center is the scientific home to six Nobel 
Prize laureates and many members of the National Academy of Sciences 
and Institute of Medicine. UT Southwestern conducts more than 3,500 
research projects annually totaling more than $417 million. Additional 
information about the Department of Physiology can be found at http:// 
www.utsouthwestern.edu/education/medical-school/departments/ 
physiology/index.html. 


Applicants should submit a CV, a brief statement of current and proposed 
research, and summary of your two most significant publications describing 
the importance of the work (100-150 words each). Please arrange to have 
three letters of recommendation sent on his/her behalf. All items should be 
submitted to http://academicjobsonline.org/ajo/jobs/7612. Completed 
applications will be reviewed starting November 1, 2016. You may email 
questions to ron.doris@utsouthwestern.edu. 
UT Southwestern Medical Center is an Equal Opportunity/Affirmative 
Action Employer. Women, minorities, veterans and individuals with 
disabilities are encouraged to apply. 


& Penn 


Assistant Professor in the Energy Cluster at the 
University of Pennsylvania 


As part of a larger investment to create the new Vagelos Institute for 
Energy Science and Technology, the School of Arts and Sciences at the 
University of Pennsylvania seeks to add faculty to our newly formed 
Energy Cluster spanning the natural sciences. We invite applications 
for a tenure-track assistant professor position in one of the following 
departments: Biology, Chemistry, Earth and Environmental Science, or 
Physics and Astronomy. Exceptional senior candidates will also be given 
consideration. The successful candidate will mount an innovative program 
of fundamental scientific research that impacts our societal energy 
challenges, broadly defined, and in doing so will forge collaborative links 


with other Penn scientists and engineers involved in energy research. 


Applicants must apply online at http://facultysearches.provost.upenn. 
edu/postings/937. Required application materials include: curriculum 
vitae with a list of publications, a research statement that includes 
the candidate’s perspective on how she or he fits into one of the four 
departments and identifies potential collaborative links with other natural 
science departments, and a teaching statement. Applicants should also 
submit the names and contact information for three individuals who will 
provide letters of recommendation. Review of applications will start 
on October 15, 2016 and will continue until the position is filled. The 
School of Arts and Sciences is strongly committed to Penn’s Action Plan 
for Faculty Diversity and Excellence and to establishing a more diverse 
faculty (for more information see: http://www.upenn.edu/almanac/ 
volumes/v58/n02/diversityplan.html ). 


The University of Pennsylvania is an Equal Opportunity Employer. 
Minorities/Women/Individuals with disabilities/Protected Veterans are 
encouraged to apply. 
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ECOLE POLYTECHNIQUE 
FEDERALE DE LAUSANNE 


The Institute of Microengineering (IMT) within the School of Engineering 
at EPFL invites applications for a full-time faculty position in the area of 
advanced micro-manufacturing. Appointments will be considered at the 
level of tenure-track assistant professor or tenured professor, depending on 
the qualifications of the applicant. 


This new position is part of the recently launched EPFL Micro-manufacturing 
Science and Engineering Center (EMC). It is aimed at reinforcing the leading 
position of the Swiss microengineering industry by providing the means to 
further strengthen its competitiveness through continuous innovation. 


Specific areas include, but are not limited to: 

« Additive and hybrid manufacturing processes of miniaturized components 
with micro-level precision; 

* New approaches for the manufacturing of complex three-dimensional mi- 
crosystems using a combination of digital manufacturing technologies. 


Experience in successful collaborative research programs with industry is 
highly desirable. The IMT-EPFL offers a particularly advantageous position 
thanks to its historically very strong links to the diverse and well-established 
local high-technology industry. 


As a faculty member of the School of Engineering, the successful candidate 
will be expected to initiate an independent and creative research program, 
participate in undergraduate and graduate teaching, and establish strong links 
with industrial partners within the framework of the new EMC. 


Internationally competitive salaries, start-up resources and benefits are 
offered. 


Faculty Position in Advanced Micro-manufacturing 
at the Ecole polytechnique fédérale de Lausanne (EPFL) 


EPFL is a dynamically growing and well-funded institution fostering excel- 
lence and diversity. It has a highly international campus at an exceptionally 
attractive location boasting first-class infrastructure. As a technical university 
covering essentially the entire palette of engineering and science, EPFL offers 
a fertile environment for research cooperation between different disciplines. 
The EPFL environment is multi-lingual and multi-cultural, with English often 
serving as a common interface. 


Applications should include a cover letter with a statement of motivation, cur- 
riculum vitae, list of publications and patents, concise statement of research 
and teaching interests, and the names and addresses of at least five referees. 
Applications must be uploaded in PDF format to the recruitment web site: 


go.epfl.ch/imt-search 


Formal evaluation of candidates will begin on December 1*, 2016 and con- 
tinue until the position is filled. 


Enquiries may be addressed to: 
Prof. Christian Enz 
Search Committee Chair 


Email: imt-search@epfl.ch 


For additional information on EPFL, please consult the web sites: 
www.epfl.ch, sti.epfl.ch and imt.epfl.ch. 


EPFL is committed to increasing the diversity of its faculty, and strongly 
encourages women to apply. 
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ECOLE POLYTECHNIQUE 
FEDERALE DE LAUSANNE 


The Institute of Bioengineering at EPFL is soliciting applications for 
a tenure-track assistant professor conducting cutting-edge research at 
the interface of bioengineering and cancer biology. Appointments at 
other ranks will be exceptionally considered as well. Areas of interest 
include, but are not limited to: synthetic biology, biomolecular en- 
gineering, organoid and organ/tumor-on-a-chip technology, immune- 
engineering as well as innovative approaches to detecting, monitoring 
and treating cancer. 


Bioengineering at EPFL is well integrated between the School of En- 
gineering and the School of Life Sciences. Close interactions with the 
Ludwig Institute for Cancer Research, the University of Lausanne, the 
Canton of Vaud University Hospital (CHUV), and the Wyss Center in 
Geneva are possible, and encouraged. 


The EPFL is a dynamic science and engineering university foster- 
ing excellence and diversity. It is consistently ranked among the top 
research institutions in Europe, and offers a rich international environ- 
ment with English as the common language. Research is supported by 
numerous outstanding core facilities including imaging, proteomics, 
bioinformatics, transgenomics, flow cytometry, microfabrication, and 
biomolecular screening. 


Successful candidates are expected to initiate independent, creative 
research programs and participate in undergraduate and graduate-level 


Faculty Position in Bioengineering 
at the Ecole polytechnique fédérale de Lausanne (EPFL) 


teaching. Internationally competitive salaries, start-up resources and 
benefits are offered. 


Applications should include a cover letter, a curriculum vitae with 
a list of publications, a concise statement of research and teaching 
interests, and the names and addresses (including e-mail) of at least 
three referees. Applications should be uploaded (as PDF files) to the 
recruitment web site: 

go.epfl.ch/ibi-search 


Formal evaluation of candidates will begin on December 1*, 2016 and 
continue until the position is filled. 


Enquiries may be sent to: 


Prof. Matthias P. Liitolf 
Search Committee Chair 
Email: ibi-search@epfl.ch 


For additional information on the EPFL and the Institute of Bioen- 
gineering, please consult: www.epfl.ch, sti.epfl.ch, sv.epfl.ch and 
bioengineering.epfl.ch. 


EPFL is committed to increasing the diversity of its faculty, and 
strongly encourages women to apply. 
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MEDICAL SCHOOL 


UNIVERSITY OF MICHIGAN 


Bioinformatics Lecturer Position 


The Department of Computational Medicine and Bioinformatics at the 
University of Michigan Medical School seeks outstanding applicants for 
a full-time Lecturer position. 

Major duties include: 

1. Redesign and teach an introductory graduate-level programming 
course with a focus on bioinformatics data analysis and applications. 
This course should be accessible to non-bioinformatics students with 
little or no prior programming experience. 

Integrate lectures and hands-on laboratory sessions. 

Prepare course objectives, lessons, exercises/projects, exams, 
and hands-on problem sets; make efficient use of existing online 
teaching infrastructure. 

Develop didactic material for real-life applications. 

Annually update as the field evolves, with student questionnaires 
to evaluate effectiveness of the curriculum. 

Supervise the Graduate Student Instructor for the course. 

. Teach in DCMB’s existing introductory graduate bioinformatics 
course. 

Work with the Course Director on course design. 

Prepare, update, and present lectures on bioinformatics topics, with 
adequate biological background. 

Develop and present bioinformatics laboratory sessions to 
complement the lectures. 

Supervise the activities of the Graduate Student Instructors for the 
course 

. Depending on the candidate’s background in biological sciences, he/ 
she may participate in teaching the two-week intensive Introduction 
to Biology course in the summer, Bioinformatics Basic Biology Lab, 
also known as the “Biology Boot Camp” or in the currently 1 week 
intensive Introduction to Biocomputing camp. 

. Participate in the review, recruitment, and admissions of the Master’s 
in Bioinformatics Program. Assist in advising master’s students in the 
program about research options and external internship opportunities. 

. Organize the weekly DCMB graduate student research presentations. 
This includes scheduling the talks, preparing announcements, and 
attending and moderating the student presentations. 


There are opportunities for a partial research-track faculty appointment 
in a related department. This position is covered under the collective 
bargaining agreement between the U-M and the Lecturers Employee 
Organization, AFL-CIO, which contains and settles all matters with 
respect to wages, benefits, hours and other terms and conditions of 
employment. 


Qualifications: Candidates for this position should have a PhD 
in Bioinformatics, Biology or a related field with experience in 
bioinformatics, and ability to program comfortably in multiple languages. 
Ability to teach an introductory programming course, preferably in 
Python, is required. Preferred candidates will have sufficient background 
in biology to teach introductory course to students lacking a background 
in college-level biology. Also desired are 2+ years of teaching at college 
or graduate level and evidence of expertise in course development and 
evaluation. Must have outstanding verbal and written communication 
skills. Favorable attention will be given to demonstrated interest and 
ability in developing additional course(s) that closely follow the emerging 
topics in bioinformatics, including but not limited to cloud computing, 
cybersecurity, mobile apps, e-notebooks, and high-performance 
computing. 


Applicants should send a letter of interest with Curriculum Vitae, 
Statement of teaching philosophy and interests, and a list of three or 
more references with current contact information to: 
Search Committee, 
Department of Computational Medicine and Bioinformatics 
Job Code 400 
The University of Michigan 
2017 Palmer Commons 
100 Washtenaw Ave 
Ann Arbor, MI. 48109-2218 
email: cembrecruit@umich.edu 


http://www.ccmb.med.umich.edu 


CRc 

1249 
Several PhD Positions Open at Universitat Duisburg-Essen to Study 
Time-Evolution of Non-Equilibrium Situations in Condensed Matter 


We are seeking several highly motivated PhD students to work in the Collabo- 
rative Research Centre 1242 “Non-Equilibrium Dynamics of Condensed 
Matter in the Time Domain” newly granted by the German Science Founda- 
tion for initially 4 years. The centre is formed by 21 principal investigators that 
are specialists in areas such as ultra-fast laser and/or electron spectroscopy, 
ion scattering, surface microscopy or theoretical condensed matter physics. 
By combining sophisticated experiments with high-level theory development 
and modelling, we aim to develop a fundamental understanding of the 
mechanisms governing the time-evolution of strongly excited condensed 
matter systems. 
You will be a key player in one of the scientific projects which will provide you 
with research experience in an excellent scientific environment and ensure 
that you develop scientific independence and the skills to work successfully in 
a team. In addition, an Internal Research Training Group (IRTG) will help you 
to develop the skills necessary for a future career in academics or industry. 
Moreover, the IRTG supports a one-month exchange visit to a partner 
laboratory abroad during the course of your PhD work. 
Since the CRC 1242 is devoted to promoting the equitable participation of 
women in chemistry and physics, we especially encourage young women to 
apply to our programme to pursue a career in science. Women can take 
advantage of special supportive offerings to help them excel throughout the 
entire programme. 
Aside from excellent performance in your studies, we anticipate that you have 
a great enthusiasm for science and a keen interest in attaining research 
goals. Furthermore, we expect your participation in the joint organisation of 
the IRTG and its activities, such as workshops, training courses and presenta- 
tions. 

For further information and application details please visit: 

https:/www.uni-due.de/sfb1242/open_positions.php 

Applications should preferably be received by Oct 15**, 2016 

The PhD positions are for three years 
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Search thousands of job postings 
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ECOLE POLYTECHNIQUE 
FEDERALE DE LAUSANNE 


The School of Engineering (STI) of EPFL invites applications for 
a tenure-track assistant position in inorganic materials within the 
Institute of Materials. We seek exceptional individuals who will de- 
velop and drive a research program at the forefront of the discipline, 
who have a strong dedication to teaching at the undergraduate and 
graduate levels, and who will be proactive members of a vibrant Ma- 
terials community. 


Top-level applications are invited in all areas related to the design, 
synthesis, processing and characterization of functional inorganic 
materials including, but not limited to: materials for energy harvest- 
ing, conversion or storage; novel semiconductors; electronic, cataly- 
sis or photonic materials as well as materials for information technol- 
ogy or devices. 


As a faculty member of the School of Engineering, the successful 
candidate will be expected to initiate an independent and creative 
research program and participate in undergraduate and graduate 
teaching. Internationally competitive salaries, start-up resources and 
benefits are offered. 


EPFL, with its main campus located in Lausanne, Switzerland, is a 
dynamically growing and well-funded institution fostering excellence 
and diversity. It has a highly international campus at an exceptionally 
attractive location boasting first-class infrastructure. As a technical 
university covering essentially the entire palette of engineering and 


Faculty Position in Inorganic Materials 
at the Ecole polytechnique fédérale de Lausanne (EPFL) 


science, EPFL offers a fertile environment for research cooperation 
between different disciplines. The EPFL environment is multi-lingual 
and multi-cultural, with English often serving as a common interface. 


Applications should include a cover letter with a statement of motiva- 
tion, curriculum vitae, list of publications and patents, concise state- 
ment of research and teaching interests, and the names and addresses 
of at least five referees. Applications must be uploaded in PDF format 
to the recruitment web site: 


go.epfl.ch/imx-search 


Formal evaluation of candidates will begin on December 1*, 2016 and 
continue until the position is filled. 


Enquiries may be addressed to: 
Prof. Harm-Anton Klok 
Search Committee Chair 


Email: imx-search@epfl.ch 


For additional information on EPFL, please consult the web sites: 
www.epfl.ch, sti.epfl.ch and imx.epfl.ch. 


EPFL is committed to increasing the diversity of its faculty, and 
strongly encourages women to apply. 
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i NATURWISSENSCHAFTLICHE 
with expert FAKULTAT 
advice from The Faculty of Sciences invites applications for a permanent 


Science 
Careers. 


W3 Professorship in Mathematics in Life Sciences 
at the Department of Biology to be filled by the earliest possible starting date. 


Applicants should be recognized internationally for their expertise in spatial and temporal mathematical 
modelling of phenomena in cell physiology, modelling of integrative processes in system biology, or self- 
organisation in molecular and cellular processes. The successful candidate is expected to teach mathematics 
in the Integrated Life Sciences degree programme. 


The professorship is part of a dynamic and interdisciplinary environment linking mathematics, physics, biology, 
and medicine. The appointed professor will have the opportunity to become a member of the new Centre 
for Physics and Medicine, which is currently being established by FAU in collaboration with the Max Planck 
Institute for the Science of Light. Collaborations with Collaborative Research Centres and other research 
initiatives are desirable. 


Prerequisites for the position are a university degree, university level teaching experience, a doctoral 
degree, and additional academic qualifications. These should be in the form of a Habilitation or equivalent 
research achievements. The necessary qualifications may also have been acquired in a non-university context 
' or through a junior faculty position (e.g. W1 Professor or Assistant Professor). 


FAU expects applicants to become actively involved in the administration of academic affairs, managing 
research projects and raising third-party funding. 


Banke be 
Advice Booklets! 


The University of Erlangen-Nurnberg pursues a policy of intense student mentoring and therefore expects 
its teaching staff to be present during lecture periods. 


FAU is a family-friendly employer and is also responsive to the needs of dual career couples. In its pursuit of 
academic excellence, FAU is committed to equality of opportunity and to a proactive and inclusive approach, 
which supports and encourages all under-represented groups, promotes an inclusive culture and values diversity. 


Please submit your complete application documents (CV, list of publications, list of lectures and courses 
taught, copies of certificates and degrees, list of third-party funding) to the Dean of the Faculty of Sciences, 
FAU Erlangen-Nurnberg, Universitatsstrafe 40, 91054 Erlangen, by 17.10.2016. Please also send an electronic 
version to dekanat-nat@fau.de. 
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Register for a free online account on 
ScienceCareers.org. 


Search thousands of job postings and find 
your perfect job. 


Sign up to receive e-mail alerts about job 
postings that match your criteria. 


Upload your resume into our database and 
connect with employers. 


Watch one of our many webinars on 
different career topics such as job 
searching, networking, and more. 


Download our career booklets, including 
Career Basics, Careers Beyond the Bench, 
and Developing Your Skills. 


Complete an interactive, personalized 
career plan at “my IDP.” 


Visit our Career Forum and get advice from 
career experts and your peers. 


Research graduate program information 
and find a program right for you. 


Read relevant career advice articles from 
our library of thousands. 
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Top Employers in 
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Special Career Feature: Saf 
October 28,2016 _ 


Reserve your ad by October 11 
to guarantee space. 
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Faculty of Science 


The Faculty of Science at the University of Zurich invites applications for a 


online @sciencecareers.org 


Ads accepted until October 21 
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Candidates are expected to be internationally recognized mathematicians. 
Science publishes the results of Candidates with outstanding records in algebra, analysis, geometry or 
its 15th annual Top Employers topology are particularly encouraged to apply. Applicants with a back- 


Survey on October 28. Science has a 


‘ ve ground in other relevant fields of pure mathematics are also encouraged to 
long history of providing a forum for 


scientists to express their opinions apply. 
about the biotech and pharma 
industry. The successful candidate is expected to develop an independent research 


group in pure mathematics. Contributing to the existing undergraduate 
Recruit or brand your organization 


and reach both ACTIVE and PASSIVE 
job seekers. 


and graduate teaching efforts in mathematics (in English or German) will 
form an integral part of the position. The successful candidate should 
further contribute to the development of the institute and is expected to 
Start building your pipeline acquire external funding. The position will be preferentially filled at the 
today with Science. level of full professor, but offers the possibility of open rank hiring as well. 


The position may be occupied as a part-time or shared professorship. 


The University of Zurich provides generous research support, including 


dedicated funds for personnel and running expenses, and competitive 


Science 
| 


start-up packages. Zurich’s scientific environment includes a rich 
spectrum of research activities in mathematics, and provides extensive 
opportunities for collaborations within the University and with the ETH 
Zurich. Switzerland provides excellent opportunities for external funding 


of research. The University and the city of Zurich also offer a stimulating 


cultural and family-friendly environment. 

SCIENCECAREERS.ORG 

Application packages should include a one-page summary; motivation 

S cience Careers letter; a full curriculum vitae; a vision statement of research and teaching 
interests. Applicants may provide names and addresses of up to three 

FROM THE JOURNAL SCIENCE ANAAAS 

potential referees (see http: / /jobs.mnf.uzh.ch/mat for guidelines). 


To book your ad: Documents should be addressed to Prof. Dr. Michael Schaepman, Dean of 


advertise@sciencecareers.org the Faculty of Science, University of Zurich, and uploaded as a single PDF 
The Americas file to http: / /jobs.mnf.uzh.ch/mat by October 23, 2016. For further 
202-326-6582 information, please contact Prof. Dr. Alberto Cattaneo at 

Japan alberto.cattaneo@math.uzh.ch, or visit the homepage at 

+81-3-3219-5777 


www.math.uzh.ch. 
Europe/RoW 
+44 (0) 1223-326500 


China/Korea/Singapore/Taiwan 
+86-186-0082-9345 


The University of Zurich is an equal opportunity employer. 
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POSITIONS OPEN 


DEPARTMENT HEAD OF ECOLOGY 
Montana State University 


The Ecology Department seeks an excellent 
scientist/experienced leader with strong academ- 
ic credentials and a commitment to excellence in 
teaching and research to provide vision, leader- 
ship, direction, and expert administration for a 
dynamic, productive department. The department 
includes thirteen tenured or tenure-track faculty 
and two USGS Cooperative Fishery Research Unit 
faculty with research programs that are recog- 
nized regionally, nationally and internationally, a 
rapidly growing undergraduate program with more 
than 400 majors, and successful M.S. and Ph.D. 
programs that include more than 50 graduate 
students. The department offers B.S. degrees with 
emphases in Fish and Wildlife Ecology and 
Management, Conservation Biology and Ecolo- 
gy, Organismal Biology, and Biology Teaching 
and graduate degrees in Ecology and Environmen- 
tal Science, Fish and Wildlife Biology and Manage- 
ment, and Biological Science. We seek a head to 
facilitate and promote the continued progress in 
this outstanding department. For more informa- 
tion and application instructions see website: https:// 
jobs.montana.edu/postings/5631. Screening 
of applications will begin on or before October 
3, 2016; however, applications will continue to 
be accepted until the position is filled. Montana State 
University is an Equal Opportunity Employer, Veterans/ 
Disabled 
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Williams 


Molecular Geneticist 
Tenure -Track Faculty Position 
Biology Department 


The Biology Department at Williams College, a premier liberal arts college with a long-standing tradition 
of excellence in the sciences, invites applications for a tenure-track position at the rank of Assistant 
Professor, to begin July 2017. We are especially interested in candidates who can contribute to the 
intellectual vibrancy and diversity of the academic community through their research, teaching, and 
service, and who are committed to working effectively with a diverse student population. 


We seek a broadly trained molecular geneticist whose research should incorporate state-of-the-art methods 
and address questions of broad biological significance. The successful candidate will teach an introductory 
core course in genetics as well as upper level courses in his or her area of specialty. This individual will 
advise undergraduates in research and participate in interdisciplinary programs in Biochemistry and 
Molecular Biology, and/or Bioinformatics, Genomics & Proteomics. Normally, faculty members teach 
one course and two associated laboratory sections (or the equivalent) each semester. 


A dynamic research program that is attractive to extramural funding agencies and involves talented 
undergraduates is expected. Start-up funds and internal funding for research are available. A Ph.D., 
postdoctoral experience, and a strong research record are required. We anticipate the appointment at the 
beginning assistant professor level, although a more senior appointment may be possible under special 
circumstances. 


Application deadline is October 24, 2016 and all applications should be submitted through Interfolio 
at https://apply.interfolio.com/36614. Email, fax, and paper applications will not be accepted. The 
application should include a cover letter addressed to Professor Joan Edwards (Chair, Biology Department), 
a curriculum vitae, concise statements of teaching and research plans, and three current letters of 
recommendation. All offers of employment are contingent upon completion ofa background check. Further 
information is available here: http://faculty.williams.edu/prospective-faculty/background-check-policy/. 


Williams College is a coeducational liberal arts institution located in the Berkshire Hills of western 
Massachusetts. The College has built its reputation on outstanding teaching and scholarship and on the 
academic excellence of its approximately 2,000 students. Please visit the Williams College website (http:// 
www.williams.edu). Beyond meeting fully its legal obligations for non-discrimination, Williams College 
is committed to building a diverse and inclusive community where members from all backgrounds can 
live, learn, and thrive. 
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Williams 


Evolutionary Ecologist 
Tenure -Track Faculty Position 
Biology Department 


The Biology Department at Williams College, a premier liberal arts college with a long-standing tradition of 
excellence in the sciences, invites applications for a tenure-track position at the rank of Assistant Professor, 
to begin July 2017. We are especially interested in candidates who can contribute to the intellectual 
vibrancy and diversity of the academic community through their research, teaching, and service, and 
who are committed to working effectively with a diverse student population. 


We seek a broadly trained evolutionary ecologist whose research incorporates state-of-the-art methods 
and a strong field component to address questions of broad ecological significance. The successful 
candidate will teach the organismal course in our introductory sequence as well as upper-level courses in 
ecology and evolutionary biology. This individual will advise undergraduates in research and potentially 
participate in interdisciplinary programs such as Environmental Studies and/or Bioinformatics, Genomics 
and Proteomics. Normally, faculty members teach one course and two associated laboratory sections (or 
the equivalent) each semester. 


A dynamic research program that is attractive to extramural funding agencies and involves talented 
undergraduates is expected. Start-up funds and internal funding for research are available. A Ph.D., 
postdoctoral experience, and a strong research record are required. We anticipate the appointment at the 
beginning assistant professor level, although a more senior appointment may be possible under special 
circumstances. 


Application deadline is October 24, 2016 and all applications should be submitted through Interfolio 
at https://apply.interfolio.com/36611. Email, fax, and paper applications will not be accepted. The 
application should include a cover letter addressed to Professor Joan Edwards (Chair, Biology Department), 
a curriculum vitae, concise statements of teaching and research plans, and three current letters of 
recommendation. All offers of employment are contingent upon completion of a background check. Further 
information is available here: http://faculty.williams.edu/prospective-faculty/background-check-policy/. 


Williams College is a coeducational liberal arts institution located in the Berkshire Hills of western 
Massachusetts. The College has built its reputation on outstanding teaching and scholarship and on the 
academic excellence of its approximately 2,000 students. Please visit the Williams College website (http:// 
www.williams.edu). Beyond meeting fully its legal obligations for non-discrimination, Williams College 
is committed to building a diverse and inclusive community where members from all backgrounds can 
live, learn, and thrive. 


online @sciencecareers.org 


i 
o 
2 
= 
3) 
— 
5 
op 


WORKING LIFE 


By Yarrow Axford 


Thanks to the glass ceiling breakers 


he night that Hillary Clinton was nominated as a candidate for president, my Facebook feed 

lit up with cries of historic triumph. But my own celebration was bittersweet. I was thrilled to 

see Hillary crack that glass ceiling, but I couldn’t stop thinking about the spine of steel it took 

for her to reach that milestone. Sexism has stalked her relentlessly on her climb up the ladder, 

taking forms including mocking references to “cankles” and cackling, a “Bern the Witch” debate 
viewing party, and “Trump that Bitch” buttons. For me, she has long personified both the progress that 
women have made and the challenges we still face as we climb the rungs of our professions. 


As a high school student in 1992, 
when Bill Clinton ran for president, 
I was delighted to see a prospec- 
tive first lady (a law partner!) use 
her maiden name and get political. 
That same year, I silently fumed 
when my geometry teacher repeat- 
edly told my class that girls were 
doomed to struggle with math be- 
cause their brains are washed with 
corrosive chemicals in the womb. 
The next year, though, a different 
math teacher suggested that I con- 
sider a career in science. Things 
seemed to be moving in a positive 
direction—and indeed they were. 

Today, I’m living my dream of a 
tenure-track job at a great univer- 
sity with progressive family leave 
policies and supportive, inspiring 
co-workers. I am a grateful ben- 
eficiary of decades of hard work by 
others to make science more inclusive. The prevalent “no 
girls allowed” attitudes that female scientists encountered 
in decades past have dwindled. Science even has its own re- 
cent breakers of glass ceilings, such as geophysicist Marcia 
McNutt, who this year became the first female president of 
the National Academy of Sciences (NAS). 

And yet, despite how far science has come, I still hear 
frequent echoes of those comments from my geometry 
teacher. I have an androgynous name, and have lost track 
of how many times I’ve met a colleague for the first time 
and been told, “I’ve read your papers. I thought you were a 
man!” While conducting fieldwork, my much younger male 
student has repeatedly been mistaken for the professor. 
(And me for what? His graying apprentice? His mom?) 

I try to laugh off such encounters to hide how they make 
me cringe. They generally reveal unconscious biases held 
by well-meaning people. Such incidents seem trivial com- 
pared with, say, the sexual harassment that 70% of women 


“Every woman ... at the head 
of a table helps, although 
they remain too rare.” 


reported experiencing during field- 
work in a 2014 survey of anthro- 
pologists. But all experiences of bias 
or sexism, from the almost comical 
to the clearly criminal, combine to 
form a discouraging drumbeat that 
only the affected can hear: You still 
don’t belong. Well-documented bi- 
ases in metrics such as supervisors’ 
evaluations and students’ course rat- 
ings amplify that drumbeat. 

Some of the remaining challenges 
for women in science are either so 
personal (as with sexual harass- 
ment) or superficially innocuous (as 
with “I thought you’d be a man”) that 
we don’t often share them beyond 
close friends. Examples of sexism oc- 
casionally reach the public spotlight, 
as when a Nobel laureate opined last 
year about his “trouble with girls” 
in the lab, but more often they are 
a quiet part of day-to-day working life. My own stories are 
unremarkable, but that in itself is a reason to share them. 

Two decades into my scientific career, the drumbeat con- 
tinues but is easier to disregard. I have been fortunate to 
work with a long list of supportive mentors and colleagues. 
Every line that I add to my CV reminds me that I belong at 
the table. Every woman scientist I see at the head of a table 
helps, although they remain too rare. (NAS and Science 
have each had just one woman at the helm, and they are 
the same woman.) My parents always insisted that I could 
grow up to be anything, and thanks to breakers of glass 
ceilings that is increasingly true. But true equality won’t 
be achieved until our daughters can march through their 
careers to the same drumbeat their brothers hear. 


Yarrow Axford is an assistant professor of earth and planetary 
sciences at Northwestern University in Evanston, Illinois. 
Send your story to SciCareerEditor @ aaas.org. 
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